Introduction {#Sec1}
============

Recent advances in genomic sequencing technologies have resulted in a great appreciation for the gut microbiome and its role in physiological processes that affect health. This rapidly growing area of research is demonstrating the great importance of microbes for intestinal barrier function, energy metabolism, nutrient supply, immune and inflammatory responses as well as for disease prevention and treatment \[[@CR1], [@CR2]\]. While many studies have linked alterations in gut microbiota structure with obesity, gastrointestinal (GI) disorders and cardiometabolic diseases \[[@CR3]\], new methods of genomic inquiry now allow for the study of gut microbial interactions with peripheral tissues, such as bone. In fact, several mechanisms to support a gut--bone axis have recently been reviewed \[[@CR4]\], for which the gut microbiota play an important role. This concept greatly expands our understanding of the intestine's role in bone health beyond simply facilitating the absorption of minerals important for bone health.

The GI tract is a highly innervated tissue which mediates digestion and absorption of dietary constituents while also facilitating communication with peripheral tissues through various microbially produced signaling molecules. Host behavior is central to these processes as the gut microbiota are dependent on dietary intake of the host for survival. Consumption of non-digestible food components is one way in which human behavior can dramatically modify the gut microbiota for improved host health. Dietary components like prebiotic dietary fiber have been linked to shifts in the gut microbial community composition. A growing body of preclinical and clinical literature shows that prebiotics are essential for improving the intestinal absorption of calcium and other minerals and also for enhancing skeletal health \[[@CR5], [@CR6]\]. Carefully designed clinical trials with prebiotics have resulted in a better understanding of potential mechanisms by which microbiota impact bone health, but a large gap exists to understand how prebiotics indirectly or directly manipulate the gut--bone axis (Fig. [1](#Fig1){ref-type="fig"}) to prevent or treat age-related bone diseases such as osteoporosis. Therefore, the goal of this review is to thoroughly review the current preclinical and clinical literature on prebiotic-mediated bone effects in the context of potential gut microbiota mechanisms. The clinical importance of these findings, types of prebiotics, and areas for future research will also be discussed.Fig. 1Proposed prebiotic--gut--bone axis. Dietary consumption of prebiotics stimulates gut microbial mechanisms that mediate the intestinal environment and tissue morphology. These changes promote the production of signaling molecules, immune cells, and metabolites thought to beneficially influence bone mineral uptake. Microbial signaling molecules may trigger systemic neuroinflammatory responses that ultimately stimulate the release of hematopoietic and immune stem cells from the bone marrow which feed back to the intestinal tissue to influence intestinal microbial communities and tissue inflammation

Prebiotics {#Sec2}
==========

Prebiotics are functional food components which occur both naturally in plant-based foods or from synthetic production via enzymatic conversion of sugars. These compounds are generally carbohydrate structures or soluble dietary fibers which are selectively metabolized by microbes in and on the body. This action thereby supports the proliferation of specific microbes and confers a health benefit to the host (Fig. [2](#Fig2){ref-type="fig"}) \[[@CR7]\]. With rapid growth in the area of diet--gut microbiome interactions, a new definition has recently been proposed which challenges the idea that prebiotic effects must be selective or specific \[[@CR8]\]. This revision also suggests a need to focus on more diverse compounds (beyond carbohydrates) that influence overall microbial ecology and function which may align more clearly with host physiology \[[@CR8]\]. Oligosaccharides like inulin-type fructans and galactooligosaccharides are the best-known fibers in this class of functional fibers and are well supported in the literature for their prebiotic effects. Specifically, these oligosaccharides have been well characterized for their ability to stimulate the growth of bifidobacteria and to a lesser degree lactobacillus \[[@CR9]\]. Although prebiotics are classified under the umbrella of dietary fiber, the scientific concept of this more functional classification did not emerge until 1995 \[[@CR10]\]. This definition was later modified and now expands beyond GI influences to include other microbial communities on the human body (e.g., oral, skin, urogenital) \[[@CR7]\].Fig. 2Physiological and metabolic requirements for the classification of dietary fibers with prebiotic effects

Foods containing greater amounts of prebiotics have been consumed for centuries with intakes as high as 135 g/day estimated for hunter--gatherer populations \[[@CR11]\]. Current prebiotic consumption in Western industrialized countries is quite low in comparison with estimated daily consumption ranging from 1 to 4 g in Americans and 3--11 g in Western Europeans \[[@CR12]\]. This is despite the presence of prebiotics in a diverse set of foods including vegetables, tubers, and grains. Prebiotic fibers are specifically prevalent in chicory root, leeks, Jerusalem artichokes, asparagus, garlic, onion, wheat, oats, and soybeans. Bananas also contain small amounts of the fructose-rich prebiotic, inulin. Although many foods naturally contain prebiotics, it is also important to consider other factors when evaluating their effectiveness, including prebiotic activity and probiotic/microbe-stimulating capacity \[[@CR13]\].

Prebiotics with Well-Established Bone Effects {#Sec3}
---------------------------------------------

Non-digestible oligosaccharides (NDOs) are currently regarded as the most promising prebiotics for bone health (Fig. [3](#Fig3){ref-type="fig"}). Examples of these compounds include lactulose, galactooligosaccharides (GOS), fructooligosaccharides (FOS), oligofructose, and inulin. These bioactive food components, extracts, and synthetic compounds are available with varying degrees of polymerization (DP, number of sugar monomers in each chain). Oligosaccharides make up the largest group of prebiotics with a mean DP between 4 and 10. However, disaccharides (lactitol, lactulose, etc.) and longer-chain molecules (DP 10--60) such as inulin and long-chain FOS also have prebiotic effects \[[@CR14]\]. The area of prebiotic research has grown considerably in the past decade. Beyond the compounds mentioned above, other functional fibers and prebiotics have been identified for their positive health effects \[[@CR9], [@CR14]\]. With regard to bone health outcomes, the majority of available data suggest the effectiveness of FOS, inulin, GOS, lactose derivatives, and soluble corn fiber (SCF). Compounds such as xylooligosaccharides (XOS), arabinoxylans, beta-glucans, and synbiotics have been shown to have prebiotic effects but fewer data are available for their ability to influence calcium metabolism and bone health.Fig. 3Structures of compounds with established prebiotic effects

### Fructans {#Sec4}

Fructans make up the most diverse commercially available category of prebiotics which include non-digestible polymers of fructose. Their effects on calcium absorption and bone mineral density have been reviewed \[[@CR14], [@CR15]\]. The terminology used to describe these oligosaccharides and polysaccharides has not been well standardized but includes classifications such as oligofructose, inulin, inulin-type fructans, and FOS. A hallmark of these compounds is that the majority of glycosidic bonds in each chain are beta (β) (2--1) fructosyl-fructose linkages \[[@CR16]\]. Fructose chains may contain a terminal glucose or consist entirely of fructose monomers. With a DP ranging between 2 and 60, fructans have been sub-classified by chain length. Short-chain fructooligosaccharides (sc-FOS) have been characterized as having a DP of 3--6 units and oligofructose a mean DP of 4. While inulin typically has an average DP of 12, long-chain FOS (lcFOS) and high-molecular weight inulin have been characterized with a mean DP of 25 \[[@CR14]\].

These compounds can be synthetically made but also occur naturally in plant-based foods including chicory root, artichoke, wheat, onion, asparagus, agave, and banana \[[@CR16]\]. Hot water extraction of chicory root is the most common method of producing inulin from natural sources. These extracts can be refined further into oligofructose by partial enzymatic hydrolysis via endoinulase \[[@CR17]\] or to high-purity inulin via physical separation \[[@CR17]\]. Commercial production of synthetic FOS results from the enzymatic conversion of sucrose, commonly by exploiting the beta-fructosidase enzyme of the fungus *Aspergillus niger* \[[@CR17]\]. This process results in chains of fructose with β(2--1) linkages. FOS synthesis from glucose is also common but results in short-chain inulin or FOS (DP of 2--4) with a higher proportion of glucose \[[@CR18]\].

### Galactooligosaccharide {#Sec5}

GOS are well-established prebiotic ingredients that result from a mixture of galactose-based oligosaccharides with varying DP and linkages to different sugar monomers including glucose and lactose. The diverse oligosaccharide composition of GOS accounts for their varied health benefits. Studies have shown that GOS fosters the growth of important gut microbes like bifidobacteria and lactobacillus during early life, as these compounds mimic human milk oligosaccharides known to promote gut health and immunity in nursing infants \[[@CR19], [@CR20]\].

GOS are industrially synthesized through the enzymatic hydrolysis of the glycosidic bond present in lactose by a kinetically controlled β-galactosidase reaction. The reaction is one of acid/base balance where the catalytic residues are stereochemically selected for hydrolysis \[[@CR21]\]. The resulting galactose chain with a glucose anchor has a mean DP of 2--8 and is connected via β(1--2), β(1--3), β(1--4), and β(1--6) glycosidic linkages \[[@CR22], [@CR23]\]. The combination of these types of linkages between galactose units and galactose--glucose units has been associated with this prebiotic's ability to promote the growth of specific beneficial gut microbes (e.g., bifidobacteria) \[[@CR22]\]. Animal studies have observed that GOS consumption in postmenopausal rat models resulted in significant increases in skeletal calcium content of ovariectomized rats \[[@CR24]\] and bone mineralization in male rats \[[@CR25], [@CR26]\]. Dietary GOS has also been observed to increase calcium absorption in postmenopausal women \[[@CR27]\].

### Lactose Derivatives {#Sec6}

Lactose is the predominant disaccharide found in dairy products. It is composed of the sugar monomers glucose and galactose which are connected by a β(1--4) glycosidic linkage. Rats with a diet rich in lactose and calcium have been shown to have improved bone mineral content and strength \[[@CR28]\]. As humans age, the enzymatic activity of lactase decreases, possibly allowing for microbial digestion of this sugar as it reaches the lower GI tract \[[@CR29]\]. This may result in greater mineral absorption as lactose-intolerant individuals have been observed to experience greater calcium absorption from lactose-containing milk compared to individuals with normal lactase activity \[[@CR30]\]. However, one study found that lactose did not increase calcium absorption among lactase-deficient individuals compared to those with normal lactase activity \[[@CR31]\]. Lactase-deficient individuals have also been found to absorb more calcium than lactase-sufficient individuals when comparing unhydrolyzed milk to lactose-hydrolyzed milk \[[@CR32]\]. Differences in lactase enzyme activity among individuals may be responsible for the observed differences among lactase-deficient and sufficient individuals, but the β-galactosidase activity of colonic microbiota may also play a role which ultimately challenges whether lactose should be considered a prebiotic \[[@CR33]\].

Lactulose, a product of heat-treated lactose, has been utilized in the food, medical, and pharmaceutical industries for decades due to its beneficial interactions with gut microbes, laxation-promoting effects, and its activity as a detoxifying agent \[[@CR34]\]. Industrial production of lactulose is performed by the isomerization of lactose in alkaline media, which results in the exchange of the glucose unit for a fructose, retaining the same β(1--4) glycosidic linkage to galactose \[[@CR35]\]. Lactulose consumption has been shown to significantly increase calcium absorption in both rats \[[@CR36]\] and postmenopausal women \[[@CR37]\].

### Soluble Corn Fiber {#Sec7}

Soluble corn fiber (SCF) is a soluble fiber with a mean DP of 10 that is produced by the enzymatic hydrolysis of corn starch, resulting in glucose chains containing a mixture of α(1--2), α(1--3), α(1--4), and α(1--6) glycosidic linkages. SCF has a low viscosity and is resistant to processing and manufacturing techniques such as heat and variable pH \[[@CR38]\]. The α-linkages present in SCF are indigestible in the upper GI tract, thereby allowing for microbial fermentation in the lower gut. Studies suggest that daily consumption of 8--21 g/day of SCF increases the proportions of *Bifidobacteria* in feces \[[@CR39]\] and intakes of up to 65 g/day were better tolerated than inulin at lower doses \[[@CR40]\]. SCF studies in animals and humans have associated this fiber with improved calcium absorption and bone strength in rats \[[@CR41]\], greater calcium absorption in adolescent boys and girls \[[@CR42], [@CR43]\], and improved calcium retention in postmenopausal women \[[@CR44]\].

### Synbiotics {#Sec8}

The combination of prebiotics with other bioactive ingredients such as probiotics (live microorganisms) or polyphenolic compounds is another area of greater study with regard to bone health as the combination of different products is believed to elicit a synergistic health benefit. Traditionally, the term "synbiotic" has been used to refer to the combination of prebiotics and probiotics which improve the viability of probiotics being consumed \[[@CR45]\]. In the context of this review, we will broaden the term "synbiotic" to include more diverse combinations because other bioactive compounds also appear to elicit synergistic effects on bone health outcomes when combined with prebiotics.

One approach to synbiotics is the mixing of prebiotics of varying chain lengths and monomer linkages as this has been shown to prolong the prebiotic effect across a larger portion of the GI tract \[[@CR46]\]. Short-chain prebiotics, such as oligofructose, are believed to be metabolized in the proximal colon, while long-chain compounds, like inulin, may be metabolized more distally or along an extended portion of the intestine. The most cited prebiotic mixture with varying chain lengths is composed of inulin-type fructans and often called ITF-mix. This mixture has been shown to have positive effects on calcium and magnesium absorption and bone health outcomes in both adolescents and postmenopausal women \[[@CR47]--[@CR52]\]. Varying the type of prebiotics to include different sugar monomers has also been shown to be effective as greater trabecular bone mineral density, bone volume, osteoblast surface area, and measures of stiffness and elasticity have been observed in growing rat models following the consumption of a GOS and FOS mixture \[[@CR53]\].

Synergistic effects of prebiotics with plant polyphenols have broad applicability for bone health as well. One study reported improvements in trabecular microarchitectural properties of the tibia despite no change in BMD following treatment with a FOS and soy isoflavone mixture in ovariectomized rats \[[@CR54]\]. FOS combined with dried plum fractions in soy-based diets have also resulted in greater whole-body BMD in ovariectomized rats \[[@CR55]\].

Synbiotic investigation that evaluates the effectiveness of prebiotics in combination with probiotics is a rapidly growing research area. Currently, *Bifidobacterium* species are the best studied in synbiotic applications with regard to bone health. FOS combined with the bacterial species, *Bifidobacterium longum*, increased the calcium, magnesium, and phosphorus content of bone as well as bone-breaking force in rats \[[@CR56]\]. Another study reported that combining two species, *Bifidobacterium bifidum* and *longum*, with GOS significantly increased calcium, magnesium, and phosphorus bioavailability and hind limb bone mineral content \[[@CR57], [@CR58]\].

Dairy products, especially fermented milk products, have also been investigated for their synergistic effects on mineral and bone metabolism. Fermented milk consumption before sleeping for 2 weeks among postmenopausal women resulted in decreased bone resorption \[[@CR59]\]. Despite the addition of inulin-type fructans and caseinophosphopeptides to the fermented product, no additional effect was seen on bone resorption; however, this supplemented group resulted in greater urinary excretion of calcium and phosphorus which may be the result of increased intestinal absorption \[[@CR59]\]. Another study of kefir-style fermented milk had no effect on bone turnover, as measured by biochemical blood and urine markers, but this may have been due to the intervention product being supplemented with 1600 mg of calcium carbonate \[[@CR60]\]. FOS--inulin-supplemented milk consumption for 12 weeks among both pre- and postmenopausal women resulted in significant reductions in bone resorption (decreased urinary excretion of C-telopeptide of type I collagen) among postmenopausal but not premenopausal women \[[@CR61]\].

Potential Candidates for Prebiotic--Bone Interactions {#Sec9}
-----------------------------------------------------

A number of other dietary fibers and sugar alcohols have been evaluated for their prebiotic effects in the gut and subsequent health benefits in relation to metabolic conditions including diabetes, cardiovascular disease, obesity, and metabolic syndrome. While these prebiotics have not been extensively investigated for their effects on mineral metabolism and bone outcomes, it is possible that they also elicit similar effects on mineral bioavailability and bone health parameters. Therefore, a future area of investigation would be to evaluate the effectiveness of these compounds and compare their effects to prebiotics with already-established bone effects.

### Beta-Glucans {#Sec10}

Beta-glucans (β-glucans) are polysaccharides of [d]{.smallcaps}-glucose monomers linked by β-glycosidic linkages. This well-studied dietary fiber is found in cereal grains, yeast, mushrooms, seaweeds, and some bacteria. Chemically, β-glucans are non-starch polysaccharides with repeating glucose units that may or may not contain branch points. The prebiotic benefits of β-glucans have been reviewed and primarily highlight their blood lipid-lowering effects \[[@CR62]\]. Among finisher pigs, β-glucans have been shown to increase short-chain fatty acid production in the intestine and promote the growth of beneficial bacteria such as bifidobacteria, but no effect of this prebiotic was observed for calcium and phosphorus digestibility or retention \[[@CR63]\]. Further work is needed to evaluate the diverse types of β-glucans currently available in the food supply and to see if these effects on calcium metabolism also occur in other animal models, as well as in humans.

### Arabinoxylans {#Sec11}

Arabinoxylans (AX) are an important contributor to fiber consumption in the Western diet, as they are the main non-starch polysaccharides found in many cereal grains. They consist of β(1,4) linked [d]{.smallcaps}-xylopyranosyl residues to which arabinofuranosyl moieties are attached. Partial enzymatic hydrolysis of AX yields arabinoxylan oligosaccharides (AXOS) and xylooligosaccharides (XOS) which have been evaluated for their prebiotic and health effects in a recent review \[[@CR64]\]. Specifically, AX has been associated with greater fecal bifidobacteria content \[[@CR65]\].

### Xylitol {#Sec12}

Xylitol is an emerging prebiotic that has shown promising applications in food, pharmaceutical, and medical industries as a low-calorie sweetener. Xylitol is a non-digestible pentose sugar with an alcohol moiety. Manufacturing of this prebiotic results from the extraction from lignocellulosic materials (polymers of cellulose, hemicellulose, and lignan) such as birchwood \[[@CR66]\]. In whole foods, xylitol is found naturally in many fruits and vegetables \[[@CR66]\]. Xylitol has been observed to promote the proliferation of lactobacilli and bifidobacteria while decreasing the presence of pathogens in the intestines \[[@CR66]\].

### Xylooligosaccharides {#Sec13}

Xylooligosaccharides (XOS) are non-digestible oligosaccharides with a mean DP of 2--6 and β(1--4) glycosidic bonds that also result from the direct enzymatic auto-hydrolysis of xylan-rich lignocellulosic materials \[[@CR67]\]. XOS are indigestible in the upper part of the GI tract, thereby affecting the host by selectively stimulating the growth or activity of bacteria in the colon. XOS have been shown to increase cecal bifidobacterial counts and total anaerobic bacteria in the lower gut of rats fed non-digestible oligosaccharides which included a XOS treatment \[[@CR68]\]. In comparison to other prebiotic oligosaccharides, XOS resulted in greater colonic total wet weight but had no effect on colon wall weight \[[@CR68]\]. Interestingly, a very recent investigation of dietary XOS on bone mineral crystallinity in swine femurs suggests that XOS increases the crystallinity of bone and that the influence of XOS on bone may be more prevalent during periods of growth, as the effects were not seen in bones collected during later stages of life \[[@CR69]\].

Local Intestinal and Systemic Effects of Prebiotics {#Sec14}
===================================================

Diet is a well-accepted contributor to bone health but how prebiotics interact with the microbiome to impact bone remains poorly understood. Intestinal microbiota represent an immensely rich community of bacteria, fungi, viruses, and archaea that collectively contribute more than 3 million unique genes \[[@CR70]\], the activities of which are far-reaching as evidenced by the excretion of more than 200 microbially produced metabolites in urine \[[@CR71]\]. While it remains difficult to separate host gene actions from those of the gut microbiota following prebiotic consumption, it is clear that the gut microbiome has large impacts on host metabolic actions through stimulated immune responses, increased digestion and absorption of dietary components, displacement-mediated pathogen inhibition, and/or improved intestinal barrier function. The following section provides a summary of data to support current mechanistic theories mediated by prebiotic--microbiome interactions.

Microbial Community Composition {#Sec15}
-------------------------------

The interaction between gut microbiota and skeletal tissue became apparent when ovariectomized rats were fed antibiotics, or antibiotics in the presence of prebiotics or polyamines \[[@CR72], [@CR73]\] and very recently when germ-free mice treated with feces from conventionally raised mice experienced a decrease in trabecular bone mineral density, trabecular bone volume, trabecular number, and cortical bone area \[[@CR74]\]. Inoculation with microbiota also increased the total number of osteoclasts relative to control germ-free mice. While these findings suggest a microbial role in bone catabolism, prebiotics appear to elicit an anabolic effect via the microbiome. To date, very few studies have evaluated a link between prebiotic-induced microbial changes in the gut with improvements in calcium absorption and/or markers of bone health. Of the animal studies that have explored this interaction, bifidobacteria and *Bacteroides* have been identified as mediators of calcium absorption, intestinal morphological and pH changes, and improved bone strength \[[@CR26], [@CR75]--[@CR77]\]. Two recent studies of adolescent calcium absorption which aimed to correlate improvements in calcium absorption with changes in the gut microbiota found that SCF increased *Bacteroides*, *Butyricicoccus*, *Oscillibacter*, *Dialister, Parabacteroides, and Clostridium* \[[@CR42], [@CR43]\]. With age, the gut microbiome changes, so whether the same microbial genera associated with calcium absorption during adolescence persist to elicit the same effects later in life (e.g., postmenopausal period) remains an open question. Largely, the bacterial groups that have currently been identified for their role in calcium absorption are known for their starch and fiber fermentation capabilities which supports the following mechanisms.

Short-Chain Fatty Acids (SCFAs) and Luminal pH {#Sec16}
----------------------------------------------

Currently, the most widely accepted theory explaining prebiotic--bone interactions is through the production of short-chain fatty acids (SCFAs) in the lower gut (Fig. [4](#Fig4){ref-type="fig"}). Microbial fermentation and hydrolysis reactions transform prebiotics to SCFAs, thereby lowering the pH of intestinal luminal contents \[[@CR73]\]. Greater acidity in the colon is thought to prevent calcium from complexing with negatively charged metabolites including phytates and oxalates. The release of calcium from these molecules increases the mineral's availability for absorption and subsequent bone mineralization. Prebiotic fibers have been shown to increase the cecal content of SCFAs (acetate, propionate, butyrate, isobutyrate, valerate, and isovalerate) in animal models \[[@CR41], [@CR78], [@CR79]\]. Despite observed changes in intestinal SCFA production, a few animal studies designed to observe prebiotic-associated increases in these metabolites reported different findings: While one study found no change in SCFA production \[[@CR80]\], another study that observed increases found only weak associations between cecal SCFA concentrations, calcium absorption, and bone mineral density \[[@CR41]\]. Intestinal chamber experiments comparing calcium absorption following exposure to SCFA or hydrochloric acid, an attempt has been made to identify whether SCFAs or pH is responsible for the observed bone effects. Findings suggested that only the SCFA treatment increased calcium transport across colonic cells \[[@CR81]\]. This finding provides support for alternative roles of SCFAs in cellular proliferation and cell signaling pathways as discussed below.Fig. 4A primary mechanism to explain prebiotic benefits on calcium absorption is through (*a*) fermentation of prebiotics by saccharolytic microbes. This results in (*b*) the production of short-chain fatty acids and (*c*) a reduction in intestinal pH. These actions are believed to (*d*) ionize calcium from negatively charged compounds in the colon, thereby allowing calcium to absorb into the blood. *H+* protons, *SCFAs* short-chain fatty acids

Changes in Tissue Morphology and Transport Proteins {#Sec17}
---------------------------------------------------

Increases in cell density, intestinal crypt depth, and blood flow have been observed in the lower gut following prebiotic consumption (Fig. [5](#Fig5){ref-type="fig"}), which are believed to increase intestinal surface area and allow for greater mineral absorption \[[@CR73], [@CR79]\]. A possible reason for these morphological changes is greater SCFA production, as butyrate is the preferred energy source for colonocytes \[[@CR82]\]. Gut microbes synthesize a large portion of intestinal SCFAs which may explain the link between gut microbiota and increases in intestinal mucosal cell proliferation \[[@CR83]\]. With regard to bone health, morphological changes following prebiotic consumption have been associated with increases in calcium absorption in animal models \[[@CR79]\]. Beyond physical changes observed at the tissue level, changes at the cellular level have also been observed. In animal models, prebiotic consumption has been shown to increase cecal and colon expression of Calbindin D9k, an intracellular calcium transport protein \[[@CR84]\]. Regulation of mineral transport proteins may be the result of gene expression, as SCFAs are believed to be involved in epigenetic modifications of the DNA structure \[[@CR85]\].Fig. 5Prebiotics influence intestinal morphology and the presence of calcium transport proteins. This mechanism involves (*a*) fermentation of prebiotic fibers by saccharolytic microbes in the large intestine to form SCFAs such as butyrate and acetate. Cellular uptake of SCFAs increases cell proliferation ultimately resulting in (*b*) increased intestinal crypt depth and (*c*) greater cell density and blood flow in the villi. This increase in mucosal tissue provides greater surface area for calcium absorption. Additionally, microbial metabolites such as SCFA may signal for (*d*) greater gene expression of the intracellular calcium transporter calbindin D9k. *D9k* calbindin D9k, *PMCA* plasma membrane Ca^2+^-ATPase, *SCFAs* short-chain fatty acids, *TRPV6* transient receptor potential cation channel subfamily V member 6 calcium-specific transport protein

Hormonal and Immune Signaling {#Sec18}
-----------------------------

Alternative hormonal and immune signaling mechanisms (Fig. [6](#Fig6){ref-type="fig"}) may explain further the link between SCFAs and bone health, but at this time data are not available to directly link these pathways with prebiotic-induced bone outcomes. Gut microbiota are believed to interact with the immune system as evidenced by germ-free mice presenting with reduced mucosal immune function and signaling \[[@CR74], [@CR86]\]. Beyond the gut, systemic inflammation and disrupted immune signaling have been linked to decreased bone mass \[[@CR87]\]. This link with bone may arise from activated T cells stimulating the production of TNFα in bone marrow and subsequent osteoclastogenesis \[[@CR5]\].Fig. 6Emerging gut microbial mechanisms that may also benefit bone. Microbial interactions with prebiotics may modify (*a*) immune cell synthesis; (*b*) short-chain fatty acid uptake; (*c*) production of beneficial or inhibitory microbial metabolites; and (*d*) production of serotonin and cytokines. Presence of these metabolites in the systemic circulation may influence gene expression in bone cells and also interact with neural signaling pathways which further affect bone tissue via immune signaling. *SCFAs* short-chain fatty acids

SCFAs may also be involved in hormonal signaling that affects bone, as specific gut microbial strains have been linked to peripheral serotonin production \[[@CR88]\]. In vitro studies of osteoblast cells suggest that serotonin signaling activates the serotonin 6 G-protein-coupled receptor (5-HT~6~R) which inhibits bone mineralization possibly by downregulating alkaline phosphatase \[[@CR89]\]. When gut microbial production of serotonin was inhibited, ovariectomized rats developed significantly more bone mass \[[@CR90]\]. Currently, no studies have evaluated the effects of prebiotics on gut microbe-derived serotonin and whether such hormones interact with skeletal tissue, but emerging data clearly link gut microbial activities with bone health outcomes. Prebiotics do stimulate the proliferation of beneficial gut microbes which could be a target for promoting the production of beneficial metabolites for bone health, including immune and hormonal signaling molecules.

Evidence from Preclinical Models {#Sec19}
================================

The majority of literature to support the effects of prebiotics on bone comes from animal research with a small portion from in vitro cell studies. Together, this literature provides the strongest support for mechanisms of action while also characterizing interactions between prebiotic type and calcium dose when evaluating bone outcomes \[[@CR91], [@CR92]\]. Preclinical studies also provide ample evidence for prebiotic effects on bone throughout the life course as evidence is available from young, adult, and elderly animal models. Despite the depth and breadth of the animal literature, few studies have integrated gut microbial community data with bone health outcomes in an attempt to model/elucidate how prebiotics influence gut--bone interactions \[[@CR6]\]. A summary of animal studies can be found in Table [1](#Tab1){ref-type="table"}.Table 1A summary of prebiotic interventions among animals to evaluate their effectiveness in altering mineral absorption, bone health outcomes, and intestinal parametersPrebiotic/substanceTreatment dose and durationStudy designAnimal model descriptionMeasures/analysesFindingsAbbreviated reference*Anoectochilus formosanus* (AF), inulin4 diets: control, 200 mg/kg AF, 400 mg/kg AF and 400 mg/kg inulin, for 12 weeksParallel design with 5 groups: OVX or SHAM on control diet + water; remaining 3 OVX groups randomly assigned to supplemented diets; AF delivered as aqueous solutionFemale Wistar rats (*n* = 40), age 3 monthsApparent Ca absorption and retention; tibia BMD/BMC; bone-breaking strength of femur; trabecular bone microarchitecture; fecal microbial culture assessments; cecum morphology, SCFA and pH400 g/kg AF and 400 g/kg inulin resulted in greater apparent Ca absorption and retention, cecal wall weight and lower cecal pH, greater total fecal SCFA and butyrate, as well as improved biomechanical properties of bone and decreased bone turnover; AF improved fecal bifidobacteria contentYang L, et al. 2013 (Ref. [@CR78])Difructose anhydride III (DFAIII)0 or 15 g/kg DFAIII, for 4 weeksParallel design; rats divided into 4 groups (2 groups of OVX and 2 groups of SHAM rats) and randomly assigned to control (AIN93G) or vitamin D-deficient diets for 8 weeks; at 11-weeks of age, the 4 groups were further divided into DFAIII groupsFemale OVX Sprague Dawley rats (*n* = 64), age 3 weeksApparent Ca absorption and retention; femur Ca, Mg and P content; intestinal Ca transporter expression; cecum morphology, pH and SCFA contentSerum Ca concentration and calbindin D9k mRNA levels were affected by vit-D-deficient diets; Ca absorption rates in vit-D-deficient groups were much lower than any other group; DFAIII increased Ca absorption rates in both SHAM and OVX groups, but the effect was higher in the OVX rats; femoral Ca content was significantly lower in the vit-D-deficient group in both SHAM and OVX but DFAIII increased femoral Ca content over other groups; femur Mg content was higher in the DFAIII-vit-D-deficient SHAM rats; femoral P content was influence by vit-D deficiency and OVX but not DAFIII; cecal weight was affected by vit-D deficiency, OVX and DFAIII diet; cecal pH decreased while total SCFA increased with DFAIII dietsMitamura R, et al. 2006 (Ref. [@CR106])FOS0 or 5% FOS, for 23 daysParallel design; AIN-93G used as base diet with 7.5 g/kg Ca; FOS replaced sucrose in the dietMale Wistar rats (*n* = 16), age 4 weeksApparent Ca and Mg absorption for 5 day intervals starting at days 4, 10 and 16; femur and tibia BMD by DXA; bone biomechanical properties; cecal weight and pHCa and Mg absorption and retention were greater with FOS compared to control at all three measurement time points even though the percentage of Ca and Mg absorbed decreased over time; femur and tibia Ca content were greater in the FOS group; no difference in BMD between the two groups; peak breaking force of femur improved with FOS; cecal wall and content weights were greater in FOS group and cecal pH was lower with FOSLobo A, et al. 2006 (Ref. [@CR113])FOS0 or 5% FOS, for 15 daysParallel design, SI; rats were pair-fed to match dietary intake; FOS consisted of 34% 1-ketose, 53% nystose and 10% 1F-b-fructofuranosyl nystose; diet run-in for 6 days; FOS replaced dietary sucroseMale Wistar rats (*n* = 16), age 45 daysApparent and true Ca absorption and kineticsFOS increased both true Ca absorption and Ca balance relative to controls; no differences in bone formation or resorption were observed; urinary Ca excretion in FOS group was significantly greater than in controls; Ca balance in FOS group was correlated with Ca absorptionMorohashi T, et al. 1998 (Ref. [@CR109])FOS0 or 50 g FOS/kg of diet, for 28 daysParallel design; sham and cecectomized rats received both dietsMale Sprague Dawley rats (*n* = 28), age 5 weeksApparent Ca and Mg absorption; cecal pH and fecal SCFA concentrationsFOS improved both Ca and Mg absorption in the sham animals but only Mg in the cecectomized rats; FOS decreased cecal and colonic pH and altered the composition of SCFAOhta A, et al. 1994 (Ref. [@CR107])FOS0 or 50 g FOS/kg of diet, for 8 daysParallel design; 1 week dietary run-in on control dietMale Sprague Dawley rats (*n* = 28) 6-week-oldApparent Ca and Mg absorptionCa and Mg absorption increased across the colon and rectumOhta A, et al. 1995 (Ref. [@CR110])FOS100 g/kg FOS or sucrose by weight of diet, for 10 daysParallel design; 3 study groups: sham-operated rats on control diet and gastrectomized rats distributed into each treatment groupMale Sprague Dawley rats (*n* = 17), age 4 weeksApparent Ca, P and Mg absorption; Ca transporter quantification by western blotsFOS-supplemented gastrectomized rats experienced improvements in apparent Mg absorption relative to gastrectomized and sham controls; FOS + gastrectomy resulted in greater P absorption relative to sham but not gastrectomized controls; Ca absorption was improved in FOS + gastrectomy rats compared to gastrectomized but not sham controls; FOS + gastrectomized rats had greater cecal mucosa wet weight and presence of calbindin D9k in the distal small intestine, cecum and colonOhta A, et al. 1998 (Ref. [@CR84])FOS0, 50 or 100 g/kg FOS, for 10 daysParallel design; control diet contained 100 g/kg sucroseMale Sprague Dawley rats (*n* = 18), age 5 weeksApparent Ca absorption; total and calbindin D9k protein expression by Western blotCa absorption increased dose-dependently with FOS; small intestinal and cecal weight increased with FOS; calbindin D9k concentration was significantly increased in the cecum on the 10% FOS treatment compared to 5% FOSOhta A, et al. 1998a (Ref. [@CR101])FOS5 and 10% nystose, 5 and 10% kestose, 5 and 10% FOS, 24 daysParallel design; 7 study diets with control diet containing 100 g/kg sucrose, all prebiotic diets contained 50 g/kg sucroseMale Sprague Dawley rats (*n* = 49), age 5 weeksApparent Ca and Mg absorption at 10 and 24 daysEach prebiotic treatment increased Ca and Mg absorption dose-dependently after 10 days but not at 24 days; 10% FOS decreased fecal Ca excretion and increased urinary Ca excretion; apparent absorption of Ca in rats on 10% FOS was higher that control rats; fecal Mg excretion decreased with 10% FOS while urinary Mg excretion increased with 10% FOS; apparent absorption of Mg was higher than controls for both 5 and 10% FOSOhta A, et al. 1998b (Ref. [@CR103])FOS0 or 5 g FOS/100 g diet, for 15 daysParallel design; control diet was AIN-93; FOS replaced dietary sucrose; run-in diet for 3 days before intervention; Ca content of both diets was \~ 5.2 g/kg of dietMale Wistar rats (*n* = 16), age 45 daysApparent and fractional Ca and Mg absorption; femur microarchitectureApparent and fractional Ca and Mg absorption were increased with FOS relative to controls; trabecular bone volume in the distal metaphysis and bone volume in the femoral neck were greater with FOS; bone area of the mid-femur did not differ; significant positive correlation between absorbed Ca and femoral Ca contentTakahara S, et al. 2000 (Ref. [@CR112])FOS and soy isoflavones (IF)0 or 7.5% FOS with 0, 10, 20, 40, or 80 µg/g body weight of IF, for 90 daysParallel design; 12 study groups including sham and OVX controls with and without FOS; short-chain FOS given at 2.5% for week 1, 5% for week 2 and at 7.5% for remainder of 3 monthsFemale OVX Wistar rats (*n* = 96), age 3 monthsBMD and body composition by DXA; femur biomechanical properties; bone biomarkersFOS enhanced the bone-sparing effects of IF by increasing femur BMD and bone strength (femur failure load); FOS addition did not significantly alter osteocalcin and deoxypyridinoline concentrationsMathey J, et al. 2004 (Ref. [@CR115])FOS and soy isoflavones (IF)5% FOS, 0.2% IF, 5% FOS + 0.2% IF, for 6 weeksParallel design; 2 week adaptation period before surgery; diet treatments began 7 days post-OVX; control diet was AIN-93G with corn oil replacing soybean oilFemale OVX ddY mice (*n* = 64), age 8 weeksBMD and BMC by DXA; femur BMC by pQCT; femur Ca, Mg, and P contentRelative to OVX controls, IF and FOS + IF increased BMD of the middle and distal femur while FOS + IF increased BMD of the proximal femur; FOS + IF increased trabecular BMD of the femur compared to control and FOS alone; IF improved femur mineral contentOhta A, et al. 2002 (Ref. [@CR117])FOS from yacon flour + *Bifidobacterium longum*15.6 g yacon flour/100 g of diet, for 28 daysParallel design; control diet consisted on AIN-93G; 4 diets: control, yacon flour, control + B. longum, yacon flour + B. longum; yacon flour contains 4% FOSMale Wistar rats (*n* = 32)Bone biomechanical properties; mineral content (Ca, P, Mg); cecal morphology, pH and SCFA content; bifidobacteria, lactobacillus and total anaerobes quantifiedBoth control + *B. longum* and yacon + *B. longum* resulted in greater tibial Ca, Mg and P content relative to control; Ca and Mg were also higher in the yacon + *B. longum* groups compared to yacon only; peak breaking force did not differ; cecal weight was greatest with the yacon diet and was also greater in yacon + *B. longum* compared to control; cecal propionate content was greater in all treatments compared to control; cecal weight and total anaerobes were highest with yacon dietRodrigues F, et al. 2012 (Ref. [@CR56])FOS, dried plum, soy5% FOS, for 60 daysParallel design with 6 groups: sham-operated and OVX (OVX) groups served as controls consuming casein, remaining 4 OVX groups consumed all other non-casein diets; 45 day run-in on standard diet following OVX; 5 diets: casein-based diet (casein), soy-based diet (soy), soy-based diet with dried plum at 7.5% (soy + plum), FOS at 5% (soy + FOS), and combination of dried plum and FOS (soy + plum + FOS)Female OVX Sprague Dawley rats (*n* = 72), age 3 monthsBone biomarkers; femoral strength; DXA; histomorphometry of tibiaHigher whole-body BMD was observed in rats from soy + FOS, soy + plum, and soy + plum + FOS groups; soy + FOS increased peak breaking force of the femur more than any other treatment; reductions in bone resorption (deoxypyridinoline) and increases in alkaline phosphatase were greatest for soy diets with plum, FOS and plum + FOS relative to controlsJohnson C, et al. 2011 (Ref. [@CR55])FOS, soy5% FOS, for 4 monthsParallel design with 5 groups: sham-operated and OVX groups served as controls, remaining 3 OVX groups consumed soy-based diet (soy), FOS-supplemented diet (FOS), or soy-based plus FOS (soy + FOS); 3 month run-in on standard diet following OVXFemale Sprague Dawley rats (*n* = 63), age 9 monthsBMD and BMC by DXA; bone biomechanical and microarchitectural analysisWhole-body BMD was higher in FOS and soy + FOS groups; FOS and soy + FOS diets improved lumbar BMC and BMD; soy + FOS was most effective at increasing trabecular number and decreasing trabecular separation when compared to OVX controls; femur biomechanical measures were not changed by any dietDevareddy L, et al. 2006 (Ref. [@CR54])GOS0 or 5% GOS, for 30 daysParallel design; both diets fed to sham and OVX animals; AIN-76 diet used with GOS replacing sucroseFemale OVX Wistar rats (*n* = 36), age 4 weeksApparent Ca absorption; femur and tibia Ca content; cecal pH, wall and content weights; fecal SCFA concentrationsGOS improved Ca absorption at 8--10 days and 18--20 days relative to control OVX animals but this effect disappeared by 28--30 days; among the OVX group, GOS only improved tibia Ca content; cecal content and wall weight were increased by GOS and cecal pH was reduced; total SCFA and acetate, propionate, butyrate and succinate were increased with GOS treatmentChonan O, et al. 1995 (Ref. [@CR24])GOS5 g GOS/100 g of diet, for 30 daysParallel design, SI; rats were acclimated to their assigned calcium intake for 30 days prior to GOS feeding; diets based on AIN-76 formulation; 4 diets: normal-Ca (0.5 g/100 g), low-Ca (0.05 g/100 g), and normal and low Ca with the addition of 6′-GOSMale Wistar rats (*n* = 32), age 4 weeksApparent Ca absorption; femoral and tibia Ca content; cecal morphology and SCFA contentGOS was more potent than control diet at stimulating Ca absorption with normal-Ca diet after 8--10 and 18--20 days, but this effect did not persist through 28--30 days; femur and tibia Ca content were higher in rats fed GOS + normal-Ca diet; Ca absorption and bone Ca content were not affected by GOS when combined with a low-Ca diet; GOS feeding increased, cecal tissue and content weights, total SCFA and acetic, propionic and butyric acid content on both low and normal-Ca dietsChonan O, et al. 1996 (Ref. [@CR25])GOS0, 2, 4, 6 or 8% of GOS by weight of diet, for 8 weeks.Parallel design, SI; dietary adaptation with AIN 93-G for 12 days; GOS replaced cornstarch in dietMale Sprague Dawley rats (*n* = 75), age 4 weeksApparent absorption/retention of Ca and Mg; femur Ca uptake and micro-CT; cecal morphology, pH, wall and content weights; PCR-DGGE and bifidobacteria qPCRDose-dependent increases in net Ca and Mg absorption and retention, greater femur Ca uptake, vBMD and breaking force; dose-dependent increase in cecal wall and content weights and decreased cecal pH; PCR-DGGE profiles suggested differences in bacterial community structure and greater bifidobacteria by qPCRWeaver C, et al. 2011 (Ref. [@CR26])GOS, *Bifidobacteria bifidum and longum*0, 12, 50 and 100 g/kg GOS, for 30 daysParallel design; control diet was follow-up infant formula; all other treatments were infant formula plus probiotic and/or prebiotic; 8 diets: control, probiotic (bifidobacteria), prebiotic at 3 GOS intakes, and synbiotic (GOS + bifidobacteria at 3 GOS intakes)Male Sprague Dawley rats (*n* = 54), age 3 weeksApparent mineral absorption and retention (Ca, Mg and P) at 8--10, 18--20 and 28--30 daysInfant formulas supplemented with 100 g/kg GOS and 50 and 100 g/kg synbiotic treatments were most effective at increasing Ca, Mg and P bioavailability compared to control; apparent absorption and retention of Ca, Mg and P were initially above 80% but decreased at later measurement time pointsPérez-Conesa D, et al. 2006 (Ref. [@CR57])GOS, *Bifidobacteria bifidum and longum*0, 12, 50 and 100 g/kg GOS, for 30 daysParallel design; control diet was follow-up infant formula; all other treatments were infant formula plus probiotic and/or prebiotic; 8 diets: control, probiotic (bifidobacteria), prebiotic at 3 GOS intakes, and synbiotic (GOS + bifidobacteria) at 3 GOS intakesMale Sprague Dawley rats (*n* = 54), age 3 weeksCa, Mg and P content of femur and tibia; cecal/colon morphology and pHFemur and tibia Ca and P were improved most with prebiotic and synbiotic treatments; femur Mg content was reduced with all treatments relative to control while tibia Mg was unaffected; cecal wall weight was greater and pH lower with 100 g/kg GOS and synbiotic diets compared to control; synbiotic diets decreased colonic pH relative to control; colonic pH was negatively correlated with proximal and distal colon crypt depth and with distal colon cell densityPérez-Conesa D, et al. 2007 (Ref. [@CR58])GOS, FOS5.3% GOS--FOS mix, for 50 daysParallel design; 4 diets: normal-Ca diet (AIN 93-G + 0.5% Ca), low-Ca diet (AIN 93-G + 0.3% Ca), normal-Ca diet + 5.3% GOS + FOS, or low-Ca diet + 5.3% GOS + FOS; GOS and FOS were fed in a 9:1 ratioMale Wistar weanling rats (*n* = 32)Apparent Ca absorption; BMD and BMC by DXA; tibia histomorphometry; fecal lactobacillus colony assessment; cecal morphology and pH; femur biomechanical analysisFemur Ca and P content was significantly higher among GOS + FOS groups; GOS + FOS groups resulted in greater tibia length than other diets; lactobacillus colonies were also increased with GOS + FOS; GOS + FOS groups had greater cecum weight and lower cecal pHBryk G, et al. 2015 (Ref. [@CR53])Inulin0, 3.75 and 7.5% inulin, for 3 weeksParallel design, SI: 4 age groups with control and treatment groups at each age; control diets included AIN 1993 mineral and vitamin mix; first 4 days at 3.5% inulin followed by 7.5% inulinMale Wistar rats (*n* = 80), age 2.5, 5, 10, and 20 monthsFractional Ca and Mg absorption; cecal wall and content weights, pH and SCFA contentInulin increased Ca and Mg absorption at all age groups but 10- and 20-month-old rats absorbed less Ca and Mg than younger rats; Ca and Mg retention decreased with age; cecal wall and content weights increased with a decrease in cecal pH at all inulin intakes; inulin also increased individual and total SCFAs relative to controlCoudray C, et al. 2005 (Ref. [@CR100])Inulin0 and 10% inulin, for 40 daysParallel design; run-in on semi-purified diets until 10 weeks of age; 6 diets: 0% inulin + 0.25% Ca, 0% inulin + 0.5% Ca, 0% inulin + 0.75% Ca, 10% inulin + 0.25% Ca, 10% inulin + 0.5% Ca, 10% inulin + 0.75% CaMale Wistar rats (*n* = 60)Apparent Ca and Mg absorption at days 13 and 36; cecal pH and SCFA contentCa and Mg absorption increased with all inulin treatments; inulin effects on Ca absorption were greatest with low and high-Ca diets in the short-term but persisted only for the low-Ca diet in the long-term; inulin also lowered cecal pH and increased cecal weight; inulin improved cecal SCFA content and total SCFA was greatest in the 10% inulin + 0.25% Ca diet compared to 10% inulin + 0.75% CaCoudray C, et al. 2005 (Ref. [@CR91])Inulin3.75 and 7.5% inulin, for 26 daysParallel design, SI; 8 study groups by age category and treatment group; first 4 days was 3.75% inulin followed by 7.5% inulinMale Wistar rats (*n* = 80), age 2, 5, 10 and 20 monthsZn and Cu absorption; cecal morphology, SCFA content and pH determined7.5% inulin increased cecal wall and content weights, and decreased cecal pH; while Zn and Cu excretion increased and retention decreased with age, inulin increased Zn and Cu retention; Zn absorption correlated with cecal acetate, propionate and total SCFA; bone Zn increased with increasing age but was not affected by inulin intake; bone Cu did not vary by inulin intake or ageCoudray C, et al. 2006 (Ref. [@CR104])Inulin7.5% inulin, for 3 monthsParallel design; control diet designed to reflect "western diet"; 2 week run-in for dietary adaptation; measures at 1 and 3 months post-inulin diets; 4 diets: control, native inulin, reformulated inulin (combination of short- and long-chain fructans), dehydrated chicoryMale Wistar rats (*n* = 40), age 3 monthsApparent Ca and Mg absorption; BMD and BMC by DXA; bone biomarkers; femur biomechanical properties; cecal morphology, pH and SCFA contentCa absorption increased with inulin at 1 month but the effect disappeared by 3 months; Mg absorption was improved at both 1 and 3 months; BMC was increased only with chicory inulin; BMD of diaphysis was improved by the chicory treatment but all other measures of bone strength or turnover were not different; inulin diets improved SCFA production with the chicory diet increasing propionate more than other inulin treatmentsDemigné C, et al. 2008 (Ref. [@CR114])Inulin7% inulin solution (v/w)Parallel design; 4 diets: gluten-free diets with either the appropriate Ca content or reduced Ca content, or gluten-free diets with adequate or reduced Ca plus inulinMale Wistar rats (*n* = 32), age 4 weeksCa, Mg, and P balance; fecal SCFA concentration; microbial community analysis by PCR-DGGE and quantitative rt-qPCR of 16S rRNA geneDiets with inulin resulted in increased mineral absorption; Ca content of the diet influenced Ca, P, and Mg absorption; inulin stimulated fecal bifidobacteria content when dietary Ca was adequate; SCFA content in cecum was influenced by interaction between dietary Ca and inulinKrupa-Kozak U, et al. 2017 (Ref. [@CR92])inulin0, 5, 10 and 20% inulin, for 21 daysParallel designMale Wistar rats (*n* = 24), age 6 weekApparent Ca absorption, cecal pools of Ca, P and Mg; cecal wall and content weights, pH and SCFA contentInulin increased the cecal pool of Ca and P and to a lesser degree Mg; absorption of Ca was improved in a dose-dependent manner; total SCFA increased with inulin treatment; propionate content was increased with 10% inulin treatment relative to controlLevrat M, et al. 1991 (Ref. [@CR99])Inulin10% inulin, for 15 daysParallel design; rats were stratified based on body weight; run-in diet for 7 days prior to treatments which were modified from AIN-93G diet; 4 diets: 15% soy bean oil (SO), 15% Soy bean oil + EPA + DHA (FSO), 15% SO + 10% Synergy1^®^ or 15% FSO + 10% Synergy1^®^Male Wistar rats (*n* = 24), age 6 weekApparent mineral absorption and balance for Ca, Mg, Cu, Fe and Zn; bone mineral and biomechanical assessments (bone breaking); tibia and femur Ca and Zn content; tibia strength measures; cecal morphology and pHInulin improved apparent mineral absorption of Ca, Mg, Cu, Fe and Zn but FO and SO appeared to differentially influence absorption; FO negatively affected Mg absorption, while FSO potentiated the effects of inulin for Ca absorption and balance, and Cu, Fe and Zn absorption; bone Ca and Zn content were enhanced most by FSO + inulin; compared with controls, inulin increased cecal weight, number of crypts and cell density, and decreased cecal content pHLobo A, et al. 2009 (Ref. [@CR111])Inulin10% inulin, for 22 daysVarious parallel design experiments following animal feeding: Using chamber experiments for Ca flux following treatment with varying Ca doses, SCFA, intestinal pH and inulin exposures; Synergy1^®^ as inulin typeMale Sprague Dawley rats (*n* = 48)Ca flux across excised intestinal tissue; morphological features of cecal and colonic tissueInulin increased Ca absorption in cecum; inulin altered gene expression of calbindin D9k, TRPV6 and Na--Ca co-transporters; inulin lowered cecal pH and increased cecal and colon content and wall weights; inulin increased intestinal SCFA content; pH alone had no influence on Ca absorptionRaschka L, et al. 2005 (Ref. [@CR79])Inulin0, 5, or 10 g inulin/100 g of diet, for 22 weeksParallel design; Inulin diets in combination with 0.2, 0.5, 1.0 g Ca/100 g of dietMale Wistar rats (*n* = 108), age 4 weeksWhole-body BMC and BMD by DXA at 0, 10, 14, 18 and 22 weeks5 g/100 g inulin had the greatest impact on whole-body BMC and BMD compared to control; BMC and BMD were improved by inulin at all Ca and age levels; bone area was differentially influenced by age and CaRoberfroid M, et al. 2002 (Ref. [@CR96])Inulin and polydextrose5% inulin or polydextrose, for 4-weeksParallel design, SI; 2 month stabilization period with non-purified diet post-OVX; 6 groups: OVX + control diet (AIN-93M), sham + control diet, OVX + biweekly estradiol injections, remaining 3 groups were 5% inulin from Synergy1^®^ (SYN), 5% inulin from Fruitafit HD^®^ (FRT), or 5% polydextrose (PDX)Female Sprague Dawley rats, age 5 monthsMineral content of diet, fecal and urine samples; BMD by DXAAmong OVX groups there were no differences in BMD due to fiber treatment; OVX + SYN, FRT, or PDX increased net Mg absorption and retention; OVX + PDX group showed a significant increase in Ca absorption and utilization; OVX + SYN group resulted in an increase in cecal wall weight, SCFA production and chronic Ca absorption; OVX + FRT group demonstrated higher cecal wall weight than SHAM-CON but not OVX-CONLegette L, et al. 2012 (Ref. [@CR97])Inulin and soy isoflavones (IF)0 mg/g inulin, 8 mg/g IF, or 50 mg/g + 8 mg/g inulin and IF, for 21 daysParallel design; SI; control diet was AIN-93G; inulin and IF replaced cornstarch in dietsMale Sprague Dawley rats (*n* = 48), age 6 weeksCa absorption; femoral Ca contentCa absorption and femoral Ca were significantly increased with IF compared to inulin; inulin + IF did not have an added benefit for Ca absorption or femoral contentZafar T, et al. 2004 (Ref. [@CR116])Inulin, agave fructans10% inulin, 10% agave fructan 1 (CAF1), 10% agave fructan 2 (CAF2), for 6 weeksParallel design with 5 groups: OVX or sham on control diet; remaining 3 OVX groups randomly assigned to supplemented diets; CAF1 and 2 derived from *Agave tequilana* with average DP of 22 and 13, respectivelyFemale C57BL/6J mice (*n* = 48), age 12 weeksApparent Ca and Mg absorption; bone biomarkers; femur microarchitecture; cecal and colon morphology; fecal SCFA contentCa absorption but not Mg absorption increased with all fructan treatments at 3 and 6 weeks; Ca and Mg content of bone was improved on all fructan treatments; P content also increased relative to control treatments; osteocalcin increased with fructan treatment; cecal and colonic SCFA production did not differGarcía-Vieyra M, et al. 2014 (Ref. [@CR80])Inulin, FOS0 or 50 g/kg inulin + FOS mix, for 21 daysParallel design, SI; control diet was AIN-93 with inulin + FOS replacing equal amounts of cornstarch and sucrose; run-in AIN-93 diet for 3 months following OVXFemale OVX Sprague Dawley rats (*n* = 26), age 6 monthsTrue Ca absorption and kinetics; femur BMD and BMC by DXAInulin + FOS increased Ca absorption and retention compared to controls; inulin + FOS decreased bone turnover and improved bone Ca content; no differences were observed in bone-breaking strengthZafar T, et al. 2004 (Ref. [@CR105])Inulin, soy isoflavone (genistein)0 or 5% inulin, for 4 weeksParallel design, SI; 6 treatment groups: sham and OVX controls, OVX + daily estradiol injections, and remaining OVX groups with genistein, ITF or both; control diet was AIN-93M; 4 diets: control, 200 ppm genistein, 5% Synergy1^®^, 200 ppm genistein + 5% Synergy1^®^Female OVX Sprague Dawley rats (*n* = 96), age 5 monthsCa balance and kinetics; femur and tibia BMD by underwater weighing; bone pQCT; femur and tibia biomechanical properties and Ca content; cecal SCFA contentInulin improved Ca absorption; genistein improved total and trabecular BMD of the distal femur; rats consuming genistein + inulin experienced greater bone formation and resorption ratesLegette L, et al. 2011 (Ref. [@CR118])Lactose0 or 10% lactose, for 6 weeksParallel design; 4 diets: vit-D-deficient; vit-D-deficient + 0.5% Ca + 0.3% P, vit-D-deficient + 1.5% Ca + 0.9% P + 15% lactose, and normal diet containing vit-D. 0.5% Ca + 0.3% PMale Wistar rats (*n* = 26) resulting from in utero vitamin D deficiency, age 4 weeksPlasma Ca and P and urine Ca at 3 and 6 weeks; femur and tibia histomorphometry and urine hydroxyproline at 6 weeksAddition of lactose to vit-D-deficient diets improved femur and tibia measures relative to other vit-D-deficient groups but improvements did not reach those observed in the control group with adequate vit-DSchaafsma G, et al. 1988 (Ref. [@CR28])Lactose, lactulose, xylitol, lactobionate, arabinose, raffinose, pyroglutamate, sorbitol, gluconate, and raftilose2.5--15% prebiotic by weight of dietParallel design, DI; prebiotic treatments each tested over a single night incorporated into the standard diet (AIN-76A); treatments provided in various experimental iterationsMale Fischer 344 rats (*n* = 8--9 rats per group), age 5--38 weeksFractional Ca absorptionAll sugars increased fractional Ca absorption relative to control diets lacking prebiotics; additive effects of vit-D and lactulose together were observed; fractional Ca absorption following lactulose consumption and cecectomy remained highBrommage R, et al. 1993 (Ref. [@CR36])Oligofructose0, 25, 50 and 100 g/kg oligofructose, for 16 weeksParallel design; 7 groups including sham and OVX control groups; weanling rats were placed on diets with 8 g/kg Ca and 5 g/kg P as run-in until 5 months of age; 6 diets: control (5 g/kg Ca + 0 g/kg oligofructose), 5 g/kg Ca + 25 g/kg oligofructose, 5 g/kg Ca + 50 g/kg oligofructose, 5 g/kg Ca + 100 g/kg oligofructose, 10 g/kg Ca + 0 g/kg oligofructose, 10 g/kg Ca + 50 g/kg oligofructoseFemale OVX Fisher 344 rats (*n* = 96), age 5 monthsApparent Ca absorption; bone microarchitectureOligofructose was most effective at influencing Ca absorption and bone microarchitecture when dietary Ca was high; bone loss due to OVX was prevented but different Ca and oligofructose combinations resulted in different microarchitecture changes; compared to controls, 5 g/kg Ca + 100 g/kg oligofructose and 10 g/kg Ca + 50 g/kg oligofructose improved femur Ca content while only 10 g/kg Ca + 50 g/kg oligofructose increased lumbar Ca content; 5 g/kg Ca + 25 g/kg and 100 g/kg oligofructose increased trabecular bone area compared to controls, as did both 10 g/kg Ca diets; at 10 g/kg Ca trabecular number increased with cortical thickness reaching higher levels when 50 g/kg oligofructose was added to the dietScholz-Ahrens K, et al. 2002 (Ref. [@CR108])Oligofructose, inulin0 or 10% oligofructose or inulin, for 28 daysParallel design; diet intervention followed a 21 day adaptation period; diets contained 5400 and 520 mg/kg of Ca and Mg, respectively; 5 diets: control, 10% oligofructose (OF), 10% HP-inulin, 10% Synergy1^®^, or 10% branched-chain inulinMale Wistar rats (*n* = 50). age 6 weeksCa and Mg absorption; cecal wall and content weight, pH and SCFA contentCa balance was increased among all ITF treatments relative to controls but no differences were observed between ITF groups; Mg balance was improved with all ITF treatments compared to control; oligofructose and Synergy1^®^ increased Mg absorption more than other ITF treatments; cecal pH was lower and cecal wall and content weight were increased with all ITF treatments; SCFA content was increased among all ITF groups relative to controlCoudray C, et al. 2003 (Ref. [@CR98])Oligofructose + acacia gum, *Lactobacillus acidophilus NCC90*2.5% oligofructose + acacia gum, for 16 weeksParallel design; 5 groups: sham-operated and OVX controls consumed semi-purified diet with 0.7% Ca and 0.5% P (SP diet), remaining 3 groups consumed SP diet with lactobacillus (probiotic), SP diet with 2.5% oligofructose + acacia gum (prebiotic), and SP diet with probiotic and prebiotic (synbiotic); 2 week run-in on SP diet; prebiotic replaced cornstarch in dietsFemale OVX Fisher-344 rats (*n* = 80), age 21 weeksApparent absorption and retention of Ca and P; bone biomarkers; bone microarchitecture; intestinal weight and pH; fecal microbial culture analysesPrebiotic increased Ca absorption, decreased urinary phosphorus, increased cecal content weight, lowered cecal and colon pH and tended to increase calcium balance compared to control; synbiotic reduced pH in small intestine and cecum, and stimulated colonic absorption surface area; synbiotic prevented OVX-induced Ca and P losses in lumbar vertebrae; synbiotic bone-sparing effects were associated with greater fecal bifidobacteria at 6 weeks and greater Bacteroides at 16 weeks; BAP had a tendency to decrease with prebiotic and synbiotic treatments and BAP was negatively correlated with femur P and lumbar Ca and P contentScholz-Ahrens K, et al. 2016 (Ref. [@CR75])Resistant starch (RS), daidzein (DZ)4 diets: control, 0.1% DZ supplement, 12% RS supplement, 0.1% DZ + 12% RS, for 40 daysParallel design; 6 groups: OVX or sham controls on AIN-93G with corn oil instead of soybean oil; 3 OVX groups consumed supplemented diets; final group was OVX + daily subcutaneous administration of 17 β-estradiol; 4 day run-in on AIN-93G; daidzein/RS replaced sugar/cornstarch in dietFemale ddY mice (*n* = 36), age 8 weeksTibia BMD; amplification of the fecal bacteria 16S DNA and terminal restriction fragment length polymorphismRS alone did not improve BMD; BMD in the DZ + RS group tended to be higher than in the DZ group; RS feeding resulted in a greater proportion of bifidobacteria speciesTousen Y, et al. 2011 (Ref. [@CR76])Resistant starch (RS), soy isoflavones (IF)4 diets: control, 0.05% IF, 9% RS, and 0.05% IF + 9% RS, for 42 daysParallel design; 5 groups: OVX or sham controls on AIN-93G with corn oil instead of soybean oil; 3 groups consumed supplemented diets; 4 day run-in on AIN-93G; IF/RS replaced sugar/cornstarch in diet; animals pair-fedFemale ddY mice (*n* = 35), age 8 weeksFemur BMD and trabecular microarchitecture; cecal content weight and pH; amplification of the fecal bacteria 16S DNA and terminal restriction fragment length polymorphism; bone marrow inflammationIF + RS increased equol production, prevented the OVX-induced decline in trabecular BMD of the distal femur and improved inflammation in bone marrow; no difference in bone measures between IF + RS and IF diets; diets with RS increased cecal bifidobacteria contentTousen Y, et al. 2016 (Ref. [@CR77])Resistant Starch (RS60 and 75), Soluble Corn Fiber (SCF), Soluble Fiber Dextrin (SFD), Pullulan, Polydextrose (PDX), Inulin, and Synergy1^®^ (Inulin + FOS)4% of prebiotic by weight of diet, for 12 weeksParallel design, SI; initially 2 weeks of diets were AIN-93G + 10% prebiotic but due to loose stools in several groups, the % fiber was reduced to 5% after 2 weeks for all treatments and again after another 3 weeks in SCF, SFD, and PDX groups to 4% prebiotic and 1% cellulose; prebiotics replaced cornstarch in dietsMale Sprague Dawley rats (*n* = 150), age 4 weeksCa absorption and mineral (Ca, Zn, Fe, Mg, K and Cu) retention; whole-body BMD, BMC and body composition by DXA; bone density (by water displacement), pQCT and bone-breaking strength of femurs; cecal morphology and fecal SCFA concentrationsWhole-body BMD and BMC were greatest following SCF and SFD consumption; Ca and Mg concentrations in bone and femur contents were improved by RS60, RS75, SFD, PDX, inulin and inulin/FOS; Cu retention was improved by all fibers except inulin; Zn femur content was improved by all fibers but pullulan and SCF; Fe retention was improved by SCF; cecal content weight improved with SFD, SCF, PDX, inulin and Synergy1^®^; all fibers except RS60 and RS75 increased total SCFA and propionate in the cecum; peak breaking force of femurs was significantly improved by SCF and SFDWeaver C, et al. 2010 (Ref. [@CR41])sc-FOS0 or 100 g/kg of sc-FOS, for 10 daysParallel design; adequate Ca diet (0.5%) or low Ca diet (0.01%) were administered in conjunction with both sc-FOS treatmentsMale Sprague Dawley rats (*n* = 20), age 4 weeksSerum Ca concentration; calbindin D9k protein expression; circulating markers of vitamin D and Ca metabolism; small intestine and cecum weightsc-FOS increased calbindin D9k expression in the large intestine; changing the Ca level of the diet did not have an effect on protein expression; positive correlations were observed between 1,25(OH)~2~D and calbindin D9k; cecum and colon tissue weight were significantly increased with the addition of sc-FOS; serum Ca was unaffected by sc-FOSTakasaki M, et al. 2000 (Ref. [@CR102])*1,25(OH)* ~2~ *D* 1,25 dihydroxy vitamin D, *BMC* bone mineral content, *BMD* bone mineral density, *BMI* body mass index, *Ca* calcium, *CTx* C-telopeptide of type I collagen, *Cu* copper, *DI* double-isotope method, *DNA* deoxyribose nucleic acid, *DXA* dual-energy X-ray absorptiometry, *Fe* iron, *FOS* fructooligosaccharides, *GOS* galactooligosaccharides, *IF* isoflavones, *ITF* inulin-type fructans, *Mg* magnesium, *OVX* ovariectomized, *P* phosphorus, *PCR-DGGE* polymerase chain reaction-density gradient gel electrophoresis, *PDX* polydextrose, *rRNA* ribosomal ribonucleic acid, *RS* resistant starch, *rt-qPCR* real-time quantitative polymerase chain reaction, *sc-FOS* short-chain fructooligosaccharides, *SCFA(s)* short-chain fatty acid(s), *SI* single-isotope method, *vit-D* vitamin D, *Zn* zinc

In Vitro Calcium Availability and Absorption Models {#Sec20}
---------------------------------------------------

Of the data currently available, findings from in vitro cell models suggest that prebiotics foster cellular calcium uptake but that microbes differentially regulate this process. Caco-2 cell monolayer studies indicate that difructose anhydride III, difructose anhydride IV, FOS, and raffinose (trisaccharide made of galactose, glucose, and fructose) all increased paracellular calcium absorption in a dose-dependent manner \[[@CR93]\]. Conversely, in a similar Caco-2 cell model, inoculation with a human intestinal bacterial suspension resulted in a decreased presence of calcium in the basolateral filtrate but greater intracellular calcium content \[[@CR94]\]. This suggests that prebiotics in the presence of gut microbiota influenced luminal uptake of calcium while possibly limiting further absorption into the blood. It is possible that specific members of the intestinal microbial community are responsible for facilitating calcium absorption. In the latter study, Caco-2 cells were only inoculated with Lactobacillus, Enterobacteriaceae, and Enterococcus after extraction from human feces \[[@CR94]\]. Previously, a comparison of two probiotic strains (*Lactobacillus salivarius* and *Bifidobacterium infantis*) with commensal *E. coli* suggested that *Lactobacillus salivarius* significantly increased cellular calcium uptake, while E. coli slightly but non-significantly increased calcium uptake in comparison to *B. infantis* which had no effect \[[@CR95]\].

Animal Models---Prebiotic Effects at the Intestinal Level {#Sec21}
---------------------------------------------------------

The majority of animal data exist for fructose-based prebiotics, primarily inulin and FOS \[[@CR75], [@CR80], [@CR96]\], but positive impacts of GOS \[[@CR24]\] and polydextrose \[[@CR97]\] on calcium absorption have also been observed. Because animal studies are more cost and time effective, they have been instrumental for understanding the effects of varying prebiotic doses, types, and chain lengths (DP) on mineral absorption \[[@CR98], [@CR99]\]. Despite a diverse body of literature regarding dose and prebiotic structural components, the animal literature is supportive; however, greater evidence is needed to understand how age, treatment duration, and microbial community constituents influence mineral absorption at the intestinal level.

### Effects of Age {#Sec22}

Intestinal physiology changes across the lifespan to accommodate different metabolic needs. Therefore, age may play an important role in facilitating prebiotic-induced mineral absorption in the intestine. To date, few studies have compared prebiotic effects across a wide age range. A well-designed study evaluating the effects of inulin consumption at 3.75% of diet weight for four days followed by 3 weeks with 7.5% inulin content reported greater calcium and magnesium absorption in rats aged 2, 5, 10, and 20 months when compared to non-inulin-fed controls \[[@CR100]\]. The magnitude increase for magnesium was more similar across all ages, while inulin-induced calcium absorption was significantly greater among 2- and 5-month-old rats (\~ 66%) compared to older rats (\~ 27%). Intestinal pH, cecal wall and content weights, and fecal SCFA concentrations were also evaluated. Intestinal morphology and pH were modified by inulin but the effects did not differ by age; however, an age--inulin interaction emerged for SCFA content with greater acetate and butyrate in 10-month-old rats compared to the other three age groups \[[@CR100]\]. A potential explanation for the blunted effect of inulin on calcium absorption in the older animals may be the tight regulation of calcium flux compared to that for magnesium. A reduction in calcium transporters involved in active transport in the small intestine, but not the large intestine, has been observed with inulin consumption \[[@CR101], [@CR102]\]. Further, calcium absorption effects have been observed to decline slightly throughout prebiotic experimental trials suggestive of treatment adaptation \[[@CR103]\]. Similar findings have been reported for intestinal zinc and copper absorption following inulin consumption. Despite increased absorption with 7.5% inulin across age groups, inulin-induced zinc and copper absorption was lower in older rats (11 and 21 weeks) compared to younger animals (3 and 6 weeks) \[[@CR104]\]. This presents important questions of whether prebiotic effects can be sustained with long-term consumption and if varying prebiotic approaches are needed at different life stages.

In conjunction with age, prebiotics may also elicit positive effects on calcium absorption in the context of estrogen deficiency. Calcium absorption was significantly improved in ovariectomized rats fed 5% GOS for 30 days but the benefit disappeared after 20 days of GOS supplementation \[[@CR24]\]. This effect was accompanied by significant increases in cecal wall and content weight, and greater luminal contents of acetic, propionic, butyric, and succinic acids as well as total SCFA content. Similar effects were observed among ovariectomized rats consuming inulin-enriched diets (5% of diet) for 21 days which resulted in improved calcium balance \[[@CR105]\]. Prebiotics have also been shown to elicit benefits in the presence of nutritional deficiencies in the context of estrogen deficiency. Four-week consumption of the prebiotic disaccharide, difructose anhydride III (DFAIII; 15 g/kg diet), increased calcium absorption in vitamin D-deficient ovariectomized rats \[[@CR106]\]. Taken together, findings from animal models suggest that mineral absorption may differ by age and estrogen deficiency. For example, when given similar doses of FOS (50 g/kg) a study in young growing rats found improvements in calcium absorption \[[@CR107]\], while another study in ovariectomized rats did not observe an effect on calcium absorption \[[@CR108]\]. In the ovariectomized rats, benefits to calcium absorption and retention were most consistently observed over 16 weeks when high calcium intakes (10 g/kg) were combined with 50 g/kg oligofructose, while phosphorus retention was greater with 100 g/kg oligofructose through 4 weeks and 50 g/kg oligofructose through 8 weeks \[[@CR108]\]. This ultimately suggests the importance of hormonal status and a need to understand how similar prebiotic doses influence different minerals at different stages of life, which doses are most effective, and whether benefits persist across longer interventions.

### Prebiotic Type, Dose, and Duration Effects {#Sec23}

The effects of prebiotics may be dependent upon the type of prebiotic used, and the dose and length of treatment. Following an elegant evaluation of nine different fibers (two resistant starches, soluble corn fiber, soluble fiber dextrin, pullulan, polydextrose, inulin, long-chain inulin + short-chain FOS, and cellulose), calcium and iron retention, as measured by balance studies, were unaffected by all treatments despite beneficial effects on bone which are discussed in the next section relating to bone outcomes \[[@CR41]\]. Magnesium retention was only affected by soluble fiber dextrin, while copper retention was improved by all fibers except inulin, and zinc retention was improved by soluble fiber dextrin, both resistant starches, and the inulin--FOS mixture \[[@CR41]\].

Varying the dose of selected prebiotics in animal models appears to yield similar results with regard to calcium absorption \[[@CR36], [@CR109], [@CR110]\]; however, chain length and branching of the prebiotic may have a greater impact on mineral bioavailability. Adult male rats consuming different fructan combinations that contained a range of chain lengths and branching found that only an oligofructose--inulin combination resulted in significantly increased calcium absorption \[[@CR98]\]. The combination of short- and long-chain fructans in this study may have resulted in synergistic effects by allowing for prolonged fermentation and absorption of calcium throughout the large intestine.

The dose of calcium administered may also interact to influence prebiotic effectiveness, especially in states of estrogen deficiency. Oligofructose proved more effective at increasing calcium absorption and retention in ovariectomized rats when consuming a high-calcium diet, while phosphorus absorption decreased relative to the control treatment at this intake of calcium \[[@CR108]\]. The influence of calcium dose was also apparent when growing rats consumed 10% inulin for 40 days in conjunction with calcium intakes at 0.25, 0.50, and 0.75% by weight of the diet \[[@CR91]\]. Findings from this study suggested that, during periods of growth, inulin initially increased calcium absorption at all calcium concentrations but dissipated with the 0.75% calcium diet by the end of the study. Overall, the effect of prebiotics on calcium absorption can be seen in a few days but which types of prebiotics and respective doses are most appropriate requires further exploration.

Animal Models---Prebiotic Effects at the Level of Bone {#Sec24}
------------------------------------------------------

Due to their accelerated lifespans, rodent models have proven highly useful for studying the effects of prebiotics on bone mineral density, skeletal tissue structure/geometry, and fracture risk. Despite this fact, fewer studies have evaluated the impact of prebiotics on measures of skeletal health. Broadly, prebiotics have been shown to increase the mineral content \[[@CR26], [@CR111], [@CR112]\], architecture, and strength \[[@CR111], [@CR113]--[@CR115]\] of bone. Discrepancies have emerged such that findings have not been consistent among animal models meant to depict periods of juvenile skeletal growth \[[@CR98], [@CR116]\]. Occasional findings have also been suggestive of improved bone architecture and strength when bone mineral density was not affected \[[@CR113], [@CR114]\]. Among studies that report benefits to bone tissue, it has been postulated that beneficial effects are the result of changes in the more metabolically active, trabecular bone.

### Effects of Age {#Sec25}

Growing animals experience improvements in bone mineral content and density \[[@CR96]\] and trabecular bone volume of the femur \[[@CR112]\] with FOS consumption. Similarly, GOS at varying intakes improved volumetric bone mineral density and breaking strength of both the femur and tibia \[[@CR26]\]. In postmenopausal animal models, FOS may be more effective at eliciting benefits to bone when combined with other ingredients, or as synbiotics. FOS alone has resulted in positive \[[@CR80]\] and null effects \[[@CR97]\] on bone mineral density. However, administering inulin and FOS reduced bone resorption, increased femoral calcium content, and improved bone mineral density \[[@CR105]\]. Further, combining FOS and soy isoflavones improved bone mass of the femur in ovariectomized rats in one study \[[@CR117]\], while no synergistic effect was observed in another \[[@CR118]\].

### Prebiotic Type, Dose, and Duration Effects {#Sec26}

In a 12-week study comparing 8 different prebiotics to cellulose in growing rats, femur calcium uptake was increased significantly by the inulin--FOS mixture, while measures of bone strength (peak breaking force and cortical area and thickness) were most improved by soluble corn fiber and soluble fiber dextrin \[[@CR41]\]. This study attempted to correlate findings with mechanistic data by evaluating changes in fecal SCFA concentrations and cecal morphology. While the production of SCFAs was slightly associated with bone benefits, overall, mechanistic findings were unclear as different calcium and bone parameters were associated with differing intermediate intestinal variables.

In a similarly complex 16-week study of ovariectomized rats that compared varying levels of dietary calcium (5 or 10 g/kg) and oligofructose (25, 50 and 100 g/kg), differential effects on bone were also observed \[[@CR108]\]. Across the 16 weeks, both femur calcium and phosphorus content decreased but at recommended calcium intakes (5 g/kg), 25 g/kg of oligofructose preserved trabecular area and thickness, 50 g/kg increased trabecular perimeter, and 100 g/kg improved trabecular perimeter and trabecular area. When calcium intake increased to 10 g/kg, the addition of 50 g/kg of oligofructose resulted in increased calcium content of the lumbar vertebrae and greater trabecular area and thickness but no change in trabecular number when compared to a similar calcium diet with no oligofructose. The authors of this study concluded that ovariectomy-induced bone loss was prevented but that calcium and oligofructose interacted to affect the geometry and architecture of bone. Interestingly, oligofructose elicited the strongest effects on bone with 10 g/kg of calcium, as it was the only combination that significantly maintained trabecular connectivity while increasing cortical bone thickness. In comparison to another study which varied dietary calcium content (0.25, 0.50, 0.75%) with and without inulin for 40 days, no effect of inulin was observed for either calcium or magnesium content of the tibia despite increases in intestinal mineral absorption \[[@CR91]\]. However, among growing male rats followed for 22 weeks, whole-body bone mineral content and area were improved by the addition of inulin-type fructans (5 and 10 g/100 g diet) regardless of dietary calcium content (0.2, 0.5, and 1.0 g/100 g diet) \[[@CR96]\]. The effect on bone was not improved further by increasing prebiotic consumption to 10 g/100 g. While findings from the former study in ovariectomized rats suggest varying effects of prebiotic and calcium doses over time, the findings from the latter study in growing rats imply that prebiotics benefit bone regardless of dietary calcium content. Currently, few studies have followed animal models for long periods of time which make it difficult to understand how differential prebiotic doses in combination with varied calcium intakes influence bone properties across life. More work is needed to understand these combined effects.

As suggested earlier, prebiotic structure (branching and chain length) may also influence calcium and bone health outcomes. In a study comparing agave fructans (similar degrees of polymerization but one branched and the other linear chains) with inulin, the agave fructans were slightly more effective at preserving structural properties of trabecular bone in ovariectomized rats \[[@CR80]\]. Further, the more branched of the two agave fructans (CAF1), which also had a greater DP, resulted in slightly higher femoral calcium content. All of the fructan treatments in this study resulted in significantly greater intestinal SCFA content and greater circulating concentrations of osteocalcin. This particular study highlights that bone may be influenced differently by prebiotics within the same class, suggesting that specific FOS can be used to correct different structural features of weight-bearing bones.

Animal Models---Influence of Gut Microbes on Prebiotic-Induced Bone Effects {#Sec27}
---------------------------------------------------------------------------

Very few studies have evaluated the role of gut microbiota in prebiotic--bone interactions. In a dose--response study, rats consuming GOS had greater intestinal microbial community diversity and improved bifidobacteria content after 8 weeks \[[@CR26]\]. Consumption of GOS also led to greater calcium and magnesium absorption and improved femur and tibia strength. In this study, changes to intestinal tissue (greater cecal wall and content weight, and decreased luminal pH) and microbial community structure were correlated with calcium absorption and femur bone mineral density outcomes. These findings suggest the importance of gut microbes as a potential mechanism for prebiotic benefits to bone.

The role of microbial community members was further supported by findings from a comparison of prebiotics, probiotics, and synbiotics during a period of estrogen deficiency. In this investigation, ovariectomized rats consumed either *Lactobacillus acidophilus* (PRO), oligofructose + acacia gum (PRE), or combined *L. acidophilus* with oligofructose + acacia gum (SYN) for 16 weeks \[[@CR75]\]. While PRE was the only treatment to significantly improve calcium absorption, no treatment resulted in improved femoral calcium content relative to control. SYN consumption resulted in significant improvements in lumbar vertebrae calcium content and a slight reduction in bone alkaline phosphatase. Although none of the treatments improved measures of bone histomorphology, the SYN-induced changes in lumbar vertebrae were associated with greater bifidobacteria counts at 6 weeks and greater *Bacteroides* at 16 weeks. Further, PRE and SYN reduced the pH of intestinal contents, specifically in the cecum. PRE tended to increase the weight of cecal contents, while SYN increased colonic tissue weight. As a whole, these data suggest that synbiotics may prevent bone loss by increasing fermentation capacity, microbial mass, and surface area in the intestine while also reducing bone turnover.

Evidence from Clinical Trials {#Sec28}
=============================

While the gross majority of human research indicates that prebiotics are beneficial for improving calcium absorption, fewer studies have evaluated their effects on bone mineral density. Even fewer studies have incorporated gut microbial measures as a potential mechanistic outcome for positive calcium metabolism effects. This section summarizes the current literature while taking into consideration conflicting results (Table [2](#Tab2){ref-type="table"}). Variation in treatment conditions, intervention duration, lack of controlled diets, host genetics, baseline bone mineral status, and participant age will be addressed.Table 2A summary of prebiotic interventions among humans to evaluate their effectiveness and efficacy in altering mineral absorption, bone health outcomes, and intestinal parametersPrebiotic/substanceTreatment dose and durationStudy designHuman population descriptionMeasures/analysesFindingsAbbreviated referenceFOS8 g/day FOS or maltodextrin-sucrose (control), for 3 monthsRandomized, double-blind parallel design; 2 daily doses of 200 mL of tap water + 4 g FOS or maltodextrin-sucroseKorean postmenopausal women (*n* = 26), mean age 60 years and \~ 12 years since menopauseApparent Ca, P, Fe and Zn absorption; BMD by DXA; bone biomarkersFOS increased apparent absorption of Ca and Fe but not P and Zn; urinary Ca excretion was not different between groups; serum alkaline phosphatase decreased among FOS group compared to controlsKim Y, et al. 2004 (Ref. [@CR126])FOS, lactose0 or 4 g/day FOS in milk, for 12 weeksParallel design; milk consumed as 2 servings per day; 2 groups: Ca and vit-D fortified milk (1000--1200 mg/day Ca and 15 ug/day vit-D) + FOS (4 g/day) and regular milk (500 mg/day),Premenopausal (*n* = 136, mean age 41 years) and postmenopausal (*n* = 121, mean age 59 years) women; ChineseBone biomarkers; vit-D statusPostmenopausal women: Ca and vit-D milk + FOS significantly reduced bone resorption (lower CTx) and improved vit-D status; premenopausal women: vit-D status improved but markers of bone turnover were unchangedKruger M, et al. 2016 (Ref. [@CR61])GOS0 or 20 g/day of transgalactooligosaccharides via 200 mL of yogurt, for 9 daysPlacebo-controlled crossover design, DI; sucrose was added to the control yogurt; gradual dose increase from 10 g/day to 20 g/day over 5 days; 19 day washout; Ca intake not reportedWomen, 5 + years postmenopausal (*n* = 12), age 55--65 yearsTrue Ca absorptionGOS increased true Ca absorption; no observable increase in urinary Ca excretionvan den Heuvel E, et al. 2000 (Ref. [@CR27])GOS0, 5, or 10 g/day GOS, for 3 weeksRandomized, double-blind, parallel design, DI; GOS consumed in two milk-based smoothies per dayAdolescent girls (*n* = 31), age 10--13 yearsFractional Ca absorption; gut microbial community by PCR-DGGE; bifidobacteria by rt-qPCR5 g/day GOS group showed the greatest increase in Ca absorption; no dose--response effect observed on Ca absorption; DGGE profiles did not differ by treatment but bifidobacteria content was also increased with 5 g/day GOSWhisner C, et al. 2013 (Ref. [@CR121])GOS, polydextrose (PDX)4 g GOS--PDX mix/L of formula, for 2 weeksRandomized, double-blind, parallel design, DI; non-prebiotic formula, prebiotic (GOS + PDX in a 1:1 ratio at 4 g/L), human milk + drops of vit A, C, and DInfants (*n* = 74), age 56--70 daysFractional Ca absorption; serum 25-OH vit-DHuman milk resulted in greater total fractional Ca absorption than both formulas; addition of prebiotic did not improve Ca absorption relative to non-prebiotic supplemented formula; Ca absorption efficiency was higher in human milk-fed groupHicks P, et al. 2012 (Ref. [@CR120])Inulin4 formulas with 0.0, 0.75, 1.00, or 1.25 g/day inulin, for 35 daysRandomized, parallel design; 7 day diet run-in, 14 day treatment followed by a 14 day washout periodHealthy, formula-fed infants from Malaysia (*n* = 36), age 5--12 monthsApparent Ca, Fe, Zn, Mg and Cu absorption; fecal SCFA1 g/day inulin increased Fe absorption and retention; 0.75, 1, and 1.25 g/day inulin increased Mg absorption and retention; 0.75 g/day inulin improved Zn absorption and retention; Ca and Cu were unaffected by inulin; SCFAs were not influenced by inulin supplementsYap K, et al. 2005 (Ref. [@CR119])Inulin8 g/day of inulin Synergy1^®^ or sucrose (control), for 3 weeksPlacebo-controlled crossover design, DI; 2 week washout; treatments mixed with 8 oz. Ca-fortified orange juice in morning and evening; participants maintained on diets with 1200 mg/day Ca during study periodGirls, varied race/ethnicity (*n* = 54), age 10--15 yearsFractional Ca absorptionCa absorption improved with Synergy1^®^; those with lower Ca absorption on placebo received the greatest benefit from Synergy1^®^Griffin I, et al. 2003 (Ref. [@CR51])Inulin10 g/day Synergy1^®^ or maltodextrin (control), for 6 weeksRandomized, double-blind crossover design, DI; 6-week washout period; measures at 0, 3 and 6 weeksPostmenopausal women (*n* = 15), ≥ 10 years past menopause; mean age 72 yearsFractional Ca and Mg absorption; BMD by DXA; bone biomarkersInulin increased Ca and Mg fractional absorption; urinary deoxypyridinoline cross-links and osteocalcin concentrations increased across the 6 weeks of inulin supplementation; two-thirds of the cohort responded positively to inulin with regard to mineral absorption and response was predicted by baseline lumbar BMDHolloway L, et al. 2007 (Ref. [@CR52])Inulin0 or 9 g/day of Synergy1^®^, for 3 weeksRandomized, double-blind crossover design, SI; Ca-fortified cereal and 1500 mg/day Ca intakes; 2 week washout periodAdolescent girls (*n* = 14), age 11--13 years; mixed race/ethnicity cohortFractional Ca absorption and retentionNo significant differences in Ca absorption and retention were observed between treatmentsMartin B, et al. 2010 (Ref. [@CR125])Inulin0 or 8 g/day of Synergy1^®^, for 12 monthsParallel design, DI; inulin or maltodextrin control mixed with 180--240 mL of Ca-fortified orange juice and consumed at breakfastGirls and boys, varied race/ethnicity (*n* = 95), age 9--13 yearsFractional Ca absorption at baseline, 8 weeks and 12 months; DXA at baseline and 12 months; genotypingCa absorption was greater at 8 weeks and 12 months in inulin group; whole-body BMD and BMC were greater at 12 months; FF and Ff Foc1 genotypes had greater responses to inulin compared to controlAbrams S, et al. 2005 (Ref. [@CR47])Inulin0 or 8 g/day of Synergy1^®^, for 12 monthsParallel design, DI; inulin or maltodextrin control mixed with 180--240 mL of Ca-fortified orange juice and consumed at breakfastGirls and boys, varied race/ethnicity (*n* = 48), age 9--13 yearsFractional Ca absorption; urinary mineral excretion; responder (\> 3% increase in Ca absorption) status67% of subjects were classified as "responders;" responders at 8 weeks had greater BMC than non-responders at 12 monthsAbrams S, et al. 2007a (Ref. [@CR48])Inulin0 or 8 g/day of Synergy1^®^, for 8 weeksParallel design, DI; kinetic modeling performed on responders; inulin mixed with 120 mL Ca + vit-D fortified orange juice; participants maintained on diets with 800--1000 mg/day Ca during study periodWomen and men, varied race/ethnicity (*n* = 13), age 18--27 yearsFractional Ca absorption and kinetic modeling; responder (\> 3% increase in Ca absorption) statusInulin increased Ca absorption in the colon, as measured in "responders," with colonic absorption defined as \> 7 hAbrams S, et al. 2007b (Ref. [@CR49])ITF, lactose1.75 g ITF/cup of fermented milk, for 2 weeksParallel design; matched for age, time after menopause, BMI and dietary calcium intake; 175 ml drink consumed at bedtime; mean habitual Ca intake of 906.4 ± 53.2 mg/day; 3 groups: fermented milk (f-milk), fermented milk supplemented with Ca (510 mg/cup) (f-milk + Ca), and fermented milk supplemented with Ca (510 mg/cup), ITF (1.75 g/cup) and caseinophosphopeptides (0.175 g/cup) (f-milk + Ca + ITF + CPP)Women, 10.5 + years postmenopausal (*n* = 85), age 48--67 yearsBone biomarkers and hormones; serum minerals; urinary Ca and Pf-Milk, independent of Ca, ITF and CPP additions, decreased nighttime deoxypyridinoline excretion; urinary Ca and P increased during nights for the f-milk + Ca + IFT + CPP group which was attributed to greater intestinal absorptionAdolphi B, et al. 2009 (Ref. [@CR59])Lactose3 groups: milk + lactose, milk lacking lactose + glucose, water + Ca (control), for 6--10 weeksRandomized crossover design, DI; study treatments were administered to normal-lactase or lactase-deficient malesOtherwise healthy, lactase-sufficient and lactase-deficient males (*n* = 15), age 22--32 yearsFractional Ca absorptionMilk + lactose among lactase-deficient males increased Ca absorption; Ca absorption did not differ among lactase-deficient and sufficient males when consuming milk + glucoseGriessen M, et al. 1989 (ref 30)Lactose2 groups: kefir-fermented milk (1600 mg) + calcium bicarbonate (CaCO~3~, 1500 mg) or CaCO~3~ alone, for 6 monthsParallel design; included those with and without fractureWomen and men with osteoporosis (*n* = 40), age 64 + yearsBone biomarkers; BMD by DXAKefir with CaCO~3~ provided no additional benefit to Ca absorption; baseline bone turnover was most predictive of BMD changes at 6 months; kefir was a significant predictor of changes in BMD of the total hipTu M, et al. 2015 (Ref. [@CR60])Lactulose0, 5, and 10 g/day of lactulose dissolved in 100 mL of water with benzoic acid, for 9 daysDose--response, placebo-controlled crossover design, DI; aspartame used as placebo control; 19 day washoutWomen, 5 + years postmenopausal (*n* = 12), age 56--64 yearsFractional Ca absorptionCa absorption increased dose-dependently but difference between 5 and 10 g was not significant; Ca absorption was significantly higher with 10 g lactulose relative to control; Ca excretion did not differ by treatmentvan den Heuvel E, et al. 1999a (Ref. [@CR37])Oligofructose15 g/day of oligofructose or sucrose (control), for 9 daysRandomized, double-blind crossover design, DI; 19 day washout period; control and treatment were given in 100 mL of orange juice + standard breakfast containing 200 mg CaHealthy, male adolescents (*n* = 12), age 14--16 yearsFractional Ca absorptionOligofructose increased fractional Ca absorption relative to control; no association was observed between Ca absorption and urinary Ca excretionvan den Heuvel E, et al. 1999b (Ref. [@CR122])Oligofructose and inulin8 g/day of oligofructose, Synergy1^®^, oligofructose + Synergy1^®^,or sucrose (control), for 3 weeksPlacebo-controlled crossover design, DI; 2 week washout; treatments mixed with 8 oz. Ca-fortified orange juice in morning and evening; participants maintained on diets with 1200--1300 mg/day Ca during study periodGirls, varied race/ethnicity (*n* = 59), age 11--14 yearsFractional Ca absorption; urinary mineral excretionCa absorption was significantly higher in the Synergy1^®^ group; oligofructose consumption did not result in an improvement in Ca absorption relative to controlGriffin I, et al. 2002 (Ref. [@CR50])sc-FOS0 or 3.6 g/day sc-FOS, for 24 monthsRandomized, double-blind crossover design; interventions provided as chewable chocolate-flavored supplements; 2 supplements taken per day; 3 groups: 800 mg/day Ca, 800 mg/day Ca + 3.6 g/day sc-FOS, or 9 g/day of maltodextrin (control)Postmenopausal women (*n* = 300), age 45--75 years; non-osteoporotic; \~ 12--13 years since menopauseBMD by DXA; bone biomarkers; measurements at 0, 12 and 24 monthsCa alone and Ca + sc-FOS did not result in smaller BMD losses compared to maltodextrin control; of women with osteopenia, declines in BMD were smaller among Ca + sc-FOS group compared to maltodextrin; Ca alone and Ca + sc-FOS groups experienced greater declines in C-telopeptides of type I collagen at 12 months compared to maltodextrin; Ca + sc-FOS resulted in greater decline in osteocalcin when compared to maltodextrin at 24 monthsSlevin M, et al. 2014 (Ref. [@CR127])sc-FOS10 g/day sc-FOS or sucrose (control), for 5 weeksRandomized, double-blind crossover, design, SI; 3-week washout period; first 4 days 5 g/day sc-FOS at lunch, followed by 10 g/day sc-FOS delivered at lunch and dinner; first 23 d of study participants followed habitual diet, followed by controlled diets containing \~ 900 mg/day Ca, \~ 250 mg/day Mg and \~ 12 g/day fiberPostmenopausal women (*n* = 12), \> 2 years into menopause without hormone replacement; age 50--70 yearsFractional Ca absorption; bone biomarkers; vit-D metabolites and hormonesNo significant difference in Ca absorption on sc-FOS vs. control; slightly higher Ca absorption observed in women \> 6 years postmenopausal; urinary Ca excretion and bone turnover markers did not differ by supplement group; 1,25(OH)~2~D decreased slightly with sc-FOS relative to control but effect was not significantTahiri M, et al. 2003 (Ref. [@CR123])sc-FOS10 g sc-FOS or maltodextrin (control), daily for 8 days, followed by intermittent consumption up to 36 daysRandomized, double-blind crossover design, DI; 10 g sc-FOS split between two 5 g supplements consumed at breakfast and dinner; 12 day washout period; habitual Ca intake was 316--858 mg/dayAdolescent girls from the Netherlands (*n* = 14), age 12--14 yearsFractional Ca and Mg absorption; circulating bone biomarkers, vit-D metabolites and related hormones; measures taken at 8 and 36 daysCa and Mg absorption were unaffected at 8 days; after 36 days, despite intermittent consumption, Mg absorption was improved; after 36 days no effect of sc-FOS was observed for Ca absorption, bone turnover markers or vitamin D metabolitesvan den Heuvel E, et al. 2009 (Ref. [@CR124])SCFDiets containing 0, 10, and 20 g/day of SCF, for 50 daysPlacebo-controlled crossover design, SI; 50 day washout; all participants provided with multivitamin-mineral with 200 mg Ca and 400 IU vit-DWomen, 4 + years postmenopausal (*n* = 12), age 40--78 yearsBone Ca retention by Ca-41; bone biochemical markersBoth 10 and 20 g/day of SCF improved whole-body Ca retention in a dose-dependent manner; bone alkaline phosphatase was the only biochemical marker of bone turnover that changed during the intervention resulting in a significant increase with 20 g/day SCFJackman S, et al. 2016 (Ref. [@CR44])SCF0 and 12 g/day of SCF, for 3 weeksPlacebo-controlled crossover design (metabolic balance studies), DI; 7 day washout; Ca intake of 600 mg/dayAdolescent boys and girls, mixed race/ethnicity (*n* = 24), age 12--15 yearsFractional Ca absorption; calcium retention; bone biochemical markers and hormones were measured in urine or serum; phylogenetic diversity of bacterial communities by 16S rRNA sequencingSCF significantly improved fractional Ca absorption but did not affect Ca retention; improvements in fractional Ca absorption were correlated with increases in *Bacteroides*, *Butyricicoccus*, *Oscillibacter* and *Dialister* genera but decreases in *Actinomyces*, *Pseudomonas*, and Other Erysipelotrichaceae genera; changes in biochemical markers of bone turnover were not observedWhisner C, et al. 2014 (Ref. [@CR42])SCF0, 10, and 20 g/day of SCF, for 4 weeksPlacebo-controlled crossover design, DI; 3 week washout; Ca intake of 800 mg/day during test daysAdolescent girls, Caucasian (*n* = 28), age 11--15 yearsFractional Ca absorption; bone biomarkers and hormones; phylogenetic diversity of bacterial communities were determined using 16S rRNA sequencing; fecal pH and SCFA concentrations10 or 20 g/day SCF increased Ca absorption but the effect was not dose-dependent; diversity of fecal microbial communities increased with increasing SCF dose; increases in Ca absorption with 20 g/day were significantly correlated with increases in *Clostridium* and unclassified Clostridiaceae but microbes correlating with Ca absorption at this does were not consistent with those observed with 10 g/day SCF; SCFA did not differ by treatment but fecal pH was significantly lower with 20 g/day SCF when compared to 0 and 10 g/day treatmentsWhisner C, et al. 2016 (Ref. [@CR43])*1,25(OH)* ~2~ *D* 1,25 dihydroxy vitamin D, *BMC* bone mineral content, *BMD* bone mineral density, *BMI* body mass index, *Ca* calcium, *CTx* C-telopeptide of type I collagen, *Cu* copper, *DI* double-isotope method, *DNA* deoxyribose nucleic acid, *DXA* dual-energy X-ray absorptiometry, *Fe* iron, *FOS* fructooligosaccharides, *GOS* galactooligosaccharides, *IF* isoflavones, *ITF* inulin-type fructans, *Mg* magnesium, *OVX* ovariectomized, *P* phosphorus, *PCR-DGGE* polymerase chain reaction-density gradient gel electrophoresis, *PDX* polydextrose, *rRNA* ribosomal ribonucleic acid, *RS* resistant starch, *rt-qPCR* real-time quantitative polymerase chain reaction, *sc-FOS* short-chain fructooligosaccharides, *SCFA(s)* short-chain fatty acid(s), *SI* single-isotope method, *vit-D* vitamin D, *Zn* zinc

Clinical Trials---Prebiotic Effects on Calcium Absorption and Mineral Balance {#Sec29}
-----------------------------------------------------------------------------

### Effects of Age {#Sec30}

Human prebiotic interventions have shown positive effects on mineral absorption, but these effects have varied some by age. While short-chain inulin at doses of 0.75--1.25 g/day improved iron and magnesium retention in infants 6--12 months of age, calcium and copper absorption were not affected at these doses \[[@CR119]\]. Similarly, delivery of a 1:1 ratio of GOS and polydextrose (4 g/L) to formula-fed infants did not increase calcium absorption beyond that of formula-fed infants without prebiotic enrichment \[[@CR120]\]. Both formula treatments (with and without prebiotics) in this study increased total absorbed calcium beyond that observed in human breastmilk-fed infants; however, the absorption efficiency was significantly greater from human milk when compared to both formulas. The larger quantity of calcium absorbed was likely due to the much higher calcium content of the formulas and should not be the reason to avoid breastfeeding as breastmilk has numerous benefits for infants including the ideal ratio of proteins, fats, vitamins, and immunological factors.

During the pubertal growth spurt, when poor calcium intakes can negatively influence attainment of peak bone mass, fructans, GOS, and SCF have been found to increase calcium absorption by 6--12% relative to control treatments in interventions ranging in length from 3 months to one year \[[@CR42], [@CR43], [@CR47], [@CR51], [@CR121], [@CR122]\]. These effects appear to persist throughout life, as consumption of lactulose, inulin, and GOS among postmenopausal women has resulted in significant increases in calcium absorption \[[@CR27], [@CR37], [@CR52]\]. The menopausal transition is complex and presents an area for further investigation as little is known about how prebiotics influence calcium absorption in the early and late stages of menopause. One study of SCF that specifically focused on women during stable estrogen deficiency suggested that prebiotics improve calcium retention \[[@CR44]\], while a study of utilizing 10 g/day short-chain FOS found that calcium absorption was improved in late-phase postmenopausal women but not early-phase postmenopausal women \[[@CR123]\].

### Prebiotic Type, Dose, and Duration Effects {#Sec31}

Prebiotics have been shown to influence calcium absorption across a wide range of doses ranging from 8 to 20 g/day \[[@CR27], [@CR37], [@CR42], [@CR43], [@CR47], [@CR50], [@CR51], [@CR121], [@CR122]\] with only a few studies showing no effect \[[@CR123]--[@CR125]\]. Calcium intake may explain differential effects on calcium absorption. In one of the null studies, calcium intakes (1500 mg/day) exceeded the recommended intake of 1300 mg/day suggesting that at high intakes the prebiotic effect may be overpowered by increased luminal calcium concentrations \[[@CR125]\]. Conversely, another study with null effects may have been due to lower calcium intakes, but the authors also utilized a study design which lacked consistent consumption of the prebiotic. The latter findings suggest the importance of regular consumption in order to receive benefits to mineral absorption and bone health \[[@CR124]\].

The long-term effects of prebiotic supplementation on calcium absorption have not been well studied as the majority of studies have followed participants for acute periods ranging from 9 days to 4 weeks. A slightly longer study with 6-week consumption of 10 g/day of both short- and long-chain inulin-type fructans observed significant increases in calcium and magnesium absorption among postmenopausal women \[[@CR52]\]. Currently, the longest prebiotic consumption trial measuring calcium absorption was a 12-month evaluation of an inulin-type fructan mixture (8 g/day) in adolescent boys and girls \[[@CR47]\]. This study measured calcium absorption at both 8 weeks and 12 months, and while absorption was significantly increased at both time points, a slight decrease was observed at 12 months relative to the earlier time point. Further, this study observed that the Fok1 genotype may influence early response to prebiotics which further suggests a need for longer term studies when non-responder effects are observed in the short term. Whether other prebiotics or variation in doses elicits similar responses over time remains severely understudied.

To date, dose--response studies on calcium absorption have been limited in human models. Among postmenopausal women, lactulose consumption at 10 g/day was successful at increasing calcium absorption in contrast to a 5 g/day treatment which did not differ from that of the control treatment \[[@CR37]\]. In another study of postmenopausal women, SCF elicited a significant dose--response effect such that the 10-g treatment resulted in a 5% increase and the 20-g treatment a 7% increase in skeletal calcium retention \[[@CR44]\]. The same fiber, when provided to adolescent boys and girls at the same doses, did not elicit a dose--response effect on calcium absorption; instead, both 10- and 20-g treatments resulted in approximately a 13% increase in absorption \[[@CR43]\].

Clinical Trials---Prebiotic Effects at the Level of Bone {#Sec32}
--------------------------------------------------------

### Effects of Age {#Sec33}

Human prebiotic studies that evaluate bone mineral density are extremely limited because long periods of time are required before changes in skeletal mineral can be seen by dual-energy X-ray absorptiometry, the current gold standard measurement technique. In the 12-month intervention of adolescents mentioned above, consumption of inulin-type fructans resulted in significantly greater whole-body bone mineral content (+ 35 g) and density (+ 0.015 g/cm^2^) \[[@CR47]\]. Interestingly, this study also observed that approximately one-third of the study cohort did not respond to the prebiotic fiber, with responders (≥ 3% increase in calcium absorption relative to baseline) experiencing greater skeletal calcium accretion over the 12-month study when compared to non-responders (\< 3% change in calcium absorption) and controls. The rare, long-lived (half-life of 10^5^ years) radioisotope, ^41^Ca, has been used to label the bone of postmenopausal women and study the effects of prebiotics on bone turnover. Daily supplementation with 50 g/day SCF resulted in improvements in calcium balance in the bone, as well as a significant increase (+ 8%) in bone alkaline phosphatase on the larger 20 g/day prebiotic dose \[[@CR44]\].

### Prebiotic Type, Dose, and Duration Effects {#Sec34}

Shorter studies have also contributed to our understanding of bone tissue effects in humans, primarily by evaluating prebiotic-induced bone turnover changes. Among adolescent girls and boys, significant changes in biochemical markers of bone turnover were not observed but this may have been due to the high variance in these markers during such an intense period of growth \[[@CR42]\]. Conversely, urinary concentrations of the resorption marker, deoxypyridinoline, were significantly lower in postmenopausal women consuming fructans \[[@CR126]\]. The largest (*n* = 300) and longest duration known to have measured bone turnover markers, as well as bone mineral density, in postmenopausal women was 24 months \[[@CR127]\]. This study found that 3.6 g/day short-chain FOS + 800 mg/day calcium consumption (CaFOS) decreased serum concentrations of C-telopeptides of type I collagen at 12 months and osteocalcin at 24 months to a greater degree relative to maltodextrin (9.8 g/day) control. While this suggested that CaFOS reduced bone turnover better than other treatments, significant preservation of total body bone mineral density was only seen in the CaFOS group compared to calcium (800 mg/day) alone. Further, this study suggested a greater benefit to women with osteopenia which highlights the importance of metabolic condition when evaluating the influence of prebiotics on bone health.

Clinical Trials---Influence of Gut Microbes on Prebiotic-Induced Bone Effects {#Sec35}
-----------------------------------------------------------------------------

Quantitative PCR has been used more regularly to assess changes in specific microbial groups in relation to prebiotic treatment, but this method does not take into account changes in the overall microbial community. High-throughput sequencing of the conserved 16S ribosomal RNA gene now allows for assessment of changes in microbial diversity, as well as changes down to the genus level across the entire microbial community. This sequencing method has begun to allow researchers to answer microbially related mechanistic questions in calcium metabolism studies. To date, only a few studies have implemented these methods in prebiotic--mineral absorption studies.

Changes in the gut microbial composition have been associated with improvements in calcium absorption in adolescent girls and boys consuming 12 g/day of SCF \[[@CR42]\]. Specific genera that increased with SCF consumption were *Bacteroides*, *Butyricicoccus*, *Oscillibacte*r, and *Dialister*. In a dose--response study using the same fiber at 10 and 20 g/day doses, improvements in calcium absorption among Caucasian adolescent girls correlated significantly with a number of microbial genera known to ferment prebiotic dietary fibers \[[@CR43]\]. Additionally, diversity of the fecal microbial community was also increased in this study. Specific changes in the intestinal microbial community were increased proportions of *Parabacteroides* and *Clostridium*. Overall, these preliminary studies in humans suggest the importance of microbial community shifts in contributing to improved mineral absorption, but further research is needed to elucidate causal pathways and confirm that findings are relevant to other populations and prebiotic fibers. To date, fecal microbial analysis has not been extensively studied in postmenopausal women in relation to measures of calcium or bone metabolism.

Prebiotics as a Dietary Strategy for Osteoporosis Prevention and Treatment {#Sec36}
==========================================================================

Two primary strategies exist for promoting bone health across the lifespan. Earlier in life, the best strategy is to engage in behaviors that promote the attainment of peak bone mass. Once this peak has been achieved, the strategy must shift toward one of maintaining and reducing the loss of bone. Despite substantial evidence that calcium consumption is critical for optimal bone health and reducing fracture risk later, Americans do not consume adequate amounts of calcium \[[@CR128]\]. Prebiotics are an alternative and effective method for increasing calcium absorption and bone mineral density among individuals with inadequate calcium intakes. They also appear to reduce the rate of bone loss and reduce fracture risk in later life making them an effective public health approach for older individuals as well. Overall, the benefits of prebiotics are modest and should not be viewed as a singular approach for bone health, especially among individuals with gross deficiencies of calcium intake.

Fiber has long been known to influence metabolic diseases in a beneficial manner, but the current literature only reports beneficial impacts of these fibers when extracted or delivered in more concentrated doses. While extracted prebiotics have proven beneficial for calcium absorption when delivered to humans in a variety of foods ranging from baked goods, drinks, smoothies, and juices \[[@CR42], [@CR44], [@CR47], [@CR121]\], no studies, to our knowledge, have evaluated the effects of fiber-rich diets as a means to increase prebiotic intake and subsequent bone health outcomes. As mentioned earlier in this review, a variety of foods including grains, vegetables, and some fruits naturally contain prebiotic fibers. How the matrices of these foods influence prebiotic availability and digestibility by intestinal microbes remains largely unanswered. Currently, the largest contributor of inulin and oligofructose in the American diet is wheat products \[[@CR129]\]. Wheat also contains compounds, especially in the bran fraction, which have been shown to decrease calcium bioavailability \[[@CR130]\]. More recent research with regard to intestinal microbiota effects suggests that arabinoxylan oligosaccharide-rich wheat bran extracts and whole-grain wheat may increase the composition of bifidobacteria and lactobacillus \[[@CR131], [@CR132]\], which have been linked to improvements in bone health. If prebiotics elicit their benefit to bone through actions of the gut microbiota, dietary approaches to incorporate these functional ingredients or foods naturally containing prebiotics should be a focus of bone health recommendations.

Conclusions and Areas for Further Research {#Sec37}
==========================================

The study of prebiotic effects on calcium metabolism and bone health is a rapidly growing area of investigation. The majority of current evidence suggests their beneficial impact during periods of rapid adolescent growth and also life stages characterized with greater bone mineral loss and fracture risk. A primary concept for prebiotic effectiveness is their ability to resist digestion by human enzymes, but little is known about how the source and structure of these compounds influence the overall community and specific microbial members to elicit benefits to bone.

To date, research has focused primarily on bifidobacteria counts, with disaccharide (e.g., lactulose and difructose anhydrides), oligosaccharide (e.g., short-chain FOS, GOS), and polysaccharide (e.g., long-chain FOS and inulin) prebiotics altering the microbial content of the intestine in different ways. Further, it appears that prebiotic type differentially influences the absorption of different minerals and bone mineral and strength parameters. Therefore, further study to clearly elucidate the unique skeletal benefits of prebiotic fibers (sugar monomer composition, degree of polymerization, branching, bonds, etc.) is needed. Further, comparison of whole-food dietary approaches with currently used supplementation approaches would expand our ability to identify specific foods and fiber types that are most beneficial for bone health. Future research should also strive to understand the long-term effects of prebiotics and how different doses influence outcomes, as this will be important for future dietary and clinical recommendations.

The most exciting of future research efforts will be those that continue to characterize gut microbial communities but also evaluate microbial metabolism beyond SCFAs. Specifically, the study of signaling molecules on metagenomic, metabolomic, and epigenetic pathways will greatly contribute to current mechanistic understandings. Further exploration in these areas will ultimately allow clinicians to manipulate the gut microbiome for optimal bone health and possibly avoid the use of pharmaceuticals with adverse side effects for the treatment of osteoporosis.
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